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PREFACE 


The objective of this book is to present methods of power system analysis and 
design, particularly with the aid of a personal computer, in sufficient depth 
to give the student the basic theory at the undergraduate level. The approach 
is designed to develop students’ thinking process, enabling them to reach a 
sound understanding of a broad range of topics related to power system 
engineering, while motivating their interest in the electrical power industry. 
Because we believe that fundamental physical concepts underlie creative 
engineering and form the most valuable and permanent part of an engineer- 
ing education, we highlight physical concepts while giving due attention to 
mathematical techniques. Both theory and modeling are developed from 
simple beginnings so that they can be readily extended to new and complex 
situations. | 

Thomas J. Overbye, University of Illinois at Urbana-Champaign, is wel- 
comed as a new co-author of this edition of the text. Hè is one of the cre- 
ators of PowerWorld Simulator, a user-friendly extremely visual power system 
analysis and simulation software package that is integrated into this text. 
Professor Overbye's expertise in power system operations, control, stability, 
computational algorithms, and education help to insure the text remains up 
to date and student oriented. 

This edition of the text also features the following: (1) updated case 
studies for 10 chapters along with 3 case studies from the previous edition 
describing present-day, practical applications and new technologies along 
with ample coverage of the ongoing restructuring of the electric utility indus- 
try; (2) an updated PowerWorld Simulator package; and (3) updated prob- 
lems at the end of chapters 2-9. 

One of the most challenging aspects of engineering education is giving 
students an intuitive feel for the systems they are studying. Engineering sys- 
tems are, for the most part, complex. While paper-and-pencil exercises can 
be quite useful for highlighting the fundamentals, they often fall short in 
imparting the desired intuitive insight. To help provide this insight, a CD 
enclosed with the book contains PowerWorld Simulator, which is used to in- 
tegrate computer-based examples, problems, and design projects throughout 
the text. 

PowerWorld Simulator was originally developed at the University of 
Illinois at Urbana-Champaign to teach the basics of power systems to 
nontechnical people involved in the electricity industry, with version 1.0 inm- 
troduced in June 1994. The program’s interactive and graphical design made 
it an immediate hit as an educational tool, but a funny thing happened—its 
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interactive and graphical design also appealed to engineers doing analysis of 
real power systems. To meet the needs of a growing group of users, Power- 
World Simulator was commercialized in 1996 by the formation of Power- 
World Corporation. Thus while retaining its appeal for education, over the 
years PowerWorld Simulator has evolved into a top-notch analysis package, 
able to handle power systems of any size. PowerWorld Simulator is now used 
throughout the power industry, with a range of users encompassing uni- 
versities, utilities of all sizes, government regulators, power marketers, and 
consulting firms. 

In integrating PowerWorld Simulator with the text, our design philoso- 
phy has been to use the software to extend, rather than replace, the fully 
worked examples provided in previous editions. Therefore, except when the 
problem size makes it impractical, each PowerWorld Simulator example in- 
cludes à fully worked hand solution of the problem along with a PowerWorld 
Simulator case. This format allows students to simultaneously see the details 
of how a problem is solved and à computer implementation of the solution. 
The added benefit from PowerWorld Simulator is its ability to easily extend 
the example. Through its interactive design, students can quickly vary exam- 
ple parameters and immediately see the impact such changes have on the so- 
lution. By reworking the examples with the new parameters, students get im- 
mediate feedback on whether they understand tbe solution process. The 
interactive and visual design of PowerWorld Simulator also makes it an ex- 
cellent tool for instructors to use for in-class demonstrations, With the many 
examples and problem cases contained on the CD, instructors can easily 
demohstrate many of the text topics. Additional PowerWorld Simulator func- 
tionality is introduced in the text examples, problems, and design projects. 

The text is intended to be fully covered in a two-semester or three- 
quarter course offered to seniors and first-year graduate students. The orga- 
nization of chapters and individual sections is flexible enough to give the 
instructor sufficient latitude in choosing topics to cover, especially in a one- 
semester course. The text is supported by an ample number of worked exam- 
ples covering most of the theoretical points raised. The many problems to be 
worked with a calculator as well as problems to be worked using a personal 
computer have been expanded in this edition. 

As background for this course, it 1s assumed that students have had 
courses in electric network theory (including transient analysis) and ordinary 
differential equations and have been exposed to linear systems, matrix algebra, 
and computer programming. In addition, it would be helpful, but not neces- 
sary, to have had an electric machines course. 

After an introduction to the history of electric power systems along 
with present and future trends, Chapter 2 on fundamentals orients the students 
to the terminology and serves as a brief review. The chapter reviews phasor 
concepts, power, and single-phase as well as three-phase circuits. 

Chapters 3 through 6 examine power transformers, transmission-line 
parameters, steady-state operation of transmission lines, and power flows in- 
cluding the Newton—Raphson method. These chapters provide a basic under- 
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standing of power systems under balanced three-phase, steady-state, normal 
operating conditions. 

Chapters 7 through 10, which cover symmetrical faults, symmetrical 
components, unsymmetrical faults. and system protection, come under the 
general heading of power system short-circuit protection. Chapter 11 is a self- 
contained chapter on power system controls, including turbine-generator 
controls, load-frequency control, economic dispatch, and optimal power flow. 

The last two chapters examine transient operation of transmission 
lines, including surge protection: and transient stability. which includes the 
swing equation, the equal-area criterion, and multimachine stability. These 
self-contained chapters come under the general heading of power system 
transients. 
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INTRODUCTION 


Etectrical engineers are concerned with every step in the process of genera- 
tion, transmission, distribution, and utilization of electrical energy. The elec- 
tric utility industry is probably the largest and most complex industry in the 
world. The electrical engineer who works in that industry wil] encounter 
challenging problems in designing future power systems to deliver increasing 
amounts of electrical energy in a safe, clean, and economical manner. 

The objectives of this chapter are to review briefly the history of the 
electric utility 1ndustry, to discuss present and future trends in electric power 
systems, to describe the restructuring of the electric utility industry, and to 
introduce PowerWorld Simulator—a power system analysis and simulation 
software package. 


2 CHAPTER | INTRODUCTION 


CASE STUDY 


The following article describes the restructuring of the electric utility industry that has 


been taking place in the United States and the impacts on an agíng transmission 
infrastructure. Independent power producers, increased competition in the generation 
‘sector, and open access for generators to the U.S. transmission system have changed the 
way the transmission system is utilized. The need for investment in new transmission and 
transmission technologies, for further refinements in restructuring, and for training and 
éducation systems to replenish the workforce are discussed [7]. 


The Future Beckons: Will the Electric 
Power Industry Heed the Call? 


CHRISTOPHER E. ROOT 


Over the last four decades, the U.S. electric power 
industry has undergone unprecedented change. In 
the 1960s, regulated utilities generated and deliv- 
ered power within a localized service area. The de- 
cade was marked by high load growth and modest 
price stability. This stood in sharp contrast to the 
wild increases in the price of fuel oil, focus on en- 
ergy conservation, and slow growth of the 1970s. 
Utilities quickly put the brakes on generation ex- 
pansion projects, switched to coal or other nonoil 
fuel sources, and significantly cut back on the ex- 
pansion of their networks as load growth slowed to 
a crawl. During the 1980s, the economy in many 
regions of the country began to rebound. The 1980s 
` also brought the emergence of independent power 
producers and the deregulation of the natural gas 
wholesale markets and pipelines. These develop- 
ments resulted in a significant increase in natural gas 
transmission into the northeastern United States 
and in the use of natural gas as the preferred fuel for 
new generating plants. 

During the last ten years, the industry in many 
areas of the United States has seen increased com- 
petition in the generation sector and a fundamental 
shift in the role of the nation’s electric transmission 
system, with the 1996 enactment of the Federal 
Energy Regulatory Commission (FERC) Order No. 
888, which mandated open access for generators to 


(‘The Future Beckons”, Christopher E, Root, Supplement to 
IEEE Power & Energy (May/June 2006) pg. 58—65.) 


the nation's transmission system. And while prices 
for distribution and transmission of electricity re- 
mained regulated, unregulated energy commodity 
markets have developed in several regions. FERC 
has supported these changes with rulings leading 
to the formation of independent system oper- 
ators (ISOs) and regional transmission organizations 
(RTOs) to administer the electricity markets in 
several regions óf the United States, including New 
England, New York, the Mid-Atlantic, the Midwest, 
and California. 

The transmission system originally was built to 
deliver power from a utility's generator across town 
to its distribution company. Today, the transmission 
system is being used to deliver power across states 
or entire regions. As market forces increasingly 
determine the location of generation sources, the 
transmission grid is being asked to play an even 
more important role in markets and the reliability of 
the system. In areas where markets have been re- 
structured, customers have begun to see significant 
benefits. But ful! delivery of restructuring's benefits 
is being impeded by an inadequate, underinvested 
transmission system. 

If the last 30 years are any indication, the struc- 
ture of the industry and the increasing demands 
placed on the nation's transmission infrastructure 
and the people who operate and manage it are likely 
to continue unabated. In order to meet the chal- 
lenges of the future, to continue to maintain the 
stable, reliable, and efficient system we have known 
for more than a century and to support the con- 


tinued development of efficient competitive mar- 
kets, U.S. industry leaders must address three sig- 
nificant issues: 


* an aging transmission system suffering from 
substantial underinvestment, which is exacer- 
bated by an out-of-date industry structure 

* the need for a regulatory framework that will 
spur independent investment, ownership, and 
management of the nation's grid 

* an aging workforce and the need for a suc- 
cession plan to ensure the existence of the 
next generation of technical expertise in the 
industry. 


ARE WE SPENDING ENOUGH? 


In areas that have restructured power markets, 
substantial benefits have been delivered to custom- 
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ers in the form of lower prices, greater supplier 
choice, and environmental benefits, largely due to 
the development and operation of new, cleaner 
generation. There is, however, a growing recogni- 
tion that the delivery of the full value of restructur- 
ing to customers has been stalled by an inadequate 
transmission system that was not designed for the 
new demands being placed on it. In fact, investment 
in the nation’s electricity infrastructure has been 
declining for decades. Transmission investment has 
been falling for a quarter century at an average rate 
of almost US$50 million a year (in constant 2003 
U.S. dollars), though there has been a small upturn 
in the last few years. Transmission investment has 
not kept up with load growth or generation invest- 
ment in recent years, nor has it been sufficiently 
expanded to accommodate the advent of regional 
power markets (see Figure |). 





Annual transmission investments by investor-owned utilities, [975—2003. (Source: Eric Hirst, “U.S. TA 
Capacity: Present Status and Future Prospects,” 2004. Graph used with permission from the Edison Electric Institute, 


2004. All rights reserved.) 
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TABLE | Transmission investment in the United 
States and in international competitive markets. 
Country Investment Number of 
in High Voltage Transmission- 
Transmission Owning 
(2230 kV) Entities 
Normalized 
by Load for 
2004-2008 (in 
US$M/GW/year) 
New Zealand 22.0 | 
England & Wales (NGT) 16.5 l 
Denmark [2.5 2 
Spain 12.3 l 
The Netherlands 12.0 [ 
Norway 9.2 [ 
Poland 8.6 l 
Finland 7.2 | 
United States 4.6 450 
(based on (69 in EEI) 
representative 


data from EE!) 


Outlooks for future transmission development 
vary, with Edison Electric Institute (EEI) data sug- 
gesting a modest increase in expected transmission 
investment and other sources forecasting a con- 
tinued decline. Even assuming EEl's projections are 
realized, this level of transmission investment in the 
United States is dwarfed by that of other inter- 
national competitive electricity markets, as shown 
in Table |, and ts expected to lag behind what is 
needed. 

The lack of transmission investment has led to 
a high (and increasing in some areas) level of 
congestion-related costs in many regions. For in- 
stance, total uplift for New England is in the range of 
US$169 million per year, while locational installed 
capacity prices and reliability must-run charges are 


on the rise. Ih New York, congestion costs have in- | 


creased substantially, from US$310 million in 2001 
to US$525 million in 2002, US$688 million in 2003, 
and US$629 million in 2004. In PJM Interconnection 
(PJM), an RTO that administers electricity markets 
for all or parts of 14 states in the Northeast, Mid- 
west, and Mid-Atlantic, congestion costs have con- 


tinued to increase, even when adjusted to reflect 
PJM's expanding footprint into western and south- 
ern regions. 

Because regions do not currently quantify the 
costs of constraints in the same way, it is difficult to 
make direct comparisons from congestion data be- 
tween regions. However, the magnitude and upward 
trend of available congestion cost data indicates a 
significant and growing problem that is increasing 
costs to customers. 


THE SYSTEM IS AGING 


While we are pushing the transmission system 
harder, it is not getting any younger. In the north- 
eastern United States, the bulk transmission system 
operates primarily at 345 kV. The majority of this 
system originally was constructed during the 1960s 
and into the early 1970s, and its substations, wires, 
towers, and poles are, on average, more than 40 
years old. (Figure 2 shows the age of National Grid's 
U.S. transmission structures.) While all utilities have 
maintenance plans in place for these systems, ever- 
increasing congestion levels in many areas are mak- 
ing it increasingly difftcult to schedule circuit outages 
for routine upgrades. 

The combination of aging infrastructure, in- 
creased congestion, and the lack of significant ex- 
pansion in transmission capacity has led to the need 
to carefully prioritize maintenance and construction, 
which in turn led to the evolution of the. science 
of asset management, which many utilities have 
adopted, Asset management entails quantifying the 
risks of not doing work as a means to ensure that 
the highest priority work is performed. It has sig- 
nificantly helped the industry in maintaining reliabil- 
ity. As the assets continue to age, this combination 
of engineering, experience, and business risk will 
grow in importance to the industry. If this is not 
done well, the impact on utilities in terms of relia- 
bility and asset replacement will be significant. 

And while asset management techniques will help 
in managing investment, the age issue undoubtedly 
will require substantial] reinvestment at some point 
to replace the installed equipment.at the end of its 
lifetime. 






Quantity 
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Age 


Figure 2 
Age of National Grid towers and poles. 


TECHNOLOGY WILL HAVE A ROLE 


The expansion of the transmission network in the 
United States will be very difficult, if not impossible, 
if the traditional approach of adding new overhead 
lines continues, Issues of land availability, concerns 
about property values, aesthetics, and other licens- 
ing concerns make siting new lines a difficult prop- 
osition in many areas of the United States. New 
approaches to expansion will be required to im- 
prove the transmission networks of the future. 
Where new lines are the only answer, more 
underground solutions will be chosen. In some 
circumstances, superconducting cable will become a 
viable option. There are several companies, includ- 
ing National Grid, installing short superconducting 
lines to gain experience with this newly available 
technology and solve real problems. While it is rea- 
sonable to expect this solution to become more 
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prevalent, it is important to recognize that it is not 
inexpensive. 

Technology-has an important role to play in 
utilizing existing lines and transmíssion corridors 
to increase capacity. Lightweight, high-temperature 
overhead conductors are now becoming available 
for line upgrades without .significant tower mod- 
ifications. Monitoring systems for real-time ratings 
and better computer control schemes are providing 
improved information to control room operators to 
run the system at higher load levels. The develop- 
ment and common use of static var compensators 
for voltage and reactive control, and the general use 
of new solid-state equipment to solve real problems 
are just around the corner and should add a new 
dimension to the traditional wires and transformers 
approach to addressing stability and short-term en- 
ergy storage issues. 

These are just a few examples of some of the 
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exciting new technologies that will be tools for the 
future. It is encouraging that the development of 
new and innovative solutions to existing problems 
continues. In the future, innovation must take a 
leading role in developing solutions to transmission 
problems, and it will be important for the regulators 
to encourage the use of new techníques and tech- 
nologies. Most of these new technologies have 
a higher cost than traditional solutions, which will 
place increasing pressure on capital investment. It 
will be important to ensure that appropriate cost 
recovery mechanisms are developed to address this 
issue. 


INDUSTRY STRUCTURE 


Another factor contributing to underinvestment 
in the transmission system is the tremendous frag- 
mentation that exists in the U.S. electricity industry. 
There are literally hundreds of entities that own and 
operate transmission. The United States has more 
than 100 separate contro! areas and more than 
50 regulators that oversee the nation's grid. The 
patchwork of ownership and operation lies in stark 
contrast to the interregional delivery demands that 
are being placed on the nation's transmission infra- 
structure. 

Federal policymakers continue to encourage 
transmission owners across the nation to join RTOs. 
Indeed, RTO/ISO formation was intended to occupy 
a central role in carrying forward FERC's vision of 
restructuring, and an extraordinary amount of effort 
has been expended in making this model work. 
While RTOs/ISOs take a step toward an indepen- 
dent, coordinated transmission system, it remains 
unclear whether they are the best long-term solu- 
tion to deliver efficient transmission system opera- 
tion while ensuring reliability and delivering value to 
customers. 

Broad regional markets require policies that fa- 
cilitate and encourage active grid planning, manage- 
ment, and the construction of transmission upgrades 
both for reliability and economic needs. A strong 
transmission infrastructure or network platform 
would allow greater fuel diversity, more stable and 
competitive energy prices, and the relaxation (and 


perhaps ultimate removal) of administrative mecha- 
nisms to mitigate market power. This would also 
allow for common asset management approaches to 
the transmission system. The creation of indepen- 
dent transmission companies {ITCs), i.e., companies 
that focus on the investment in and operation. of 
transmission independent of generation interests, 
would be a key institutional step toward an industry 
structure that appropriately views transmission as a 
facilitator of robust competitive electricity markets. 
ITCs recognize transmission as an enabler of com- 
petitive electricity markets. Policies that provide a 
more prominent role for such companies would 
align the interests of transmission owners/operators 
with those of customers, permitting the develop- 
ment of well-designed and enduring power markets 
that perform the function of any market, namely, 
to drive the efficient allocation of resources for 
the benefit of customers. In its policy statement re- 
leased in June 2005, FERC reiterated its commit- 
ment to ITC formation to support improving the 
performance and efficiency of the grid. 

Having no interest in financial outcomes within 
a power market, the ITC's goal is to deliver maxi- 
mum value to customers through transmission 
operation and investment, VWith appropriate in- 
centives, ITCs will pursue opportunities to leverage 
relatively small expenditures on transmission con- 
struction and management to create a healthy mar- 
ket and provide larger savings in the supply portion 
of customer's bills. They also offer benefits over 


. nonprofit RTO/ISO models, where the incentives 


for efficient operation and investment may be less 
focused. 

An ideal industry structure would permit ITCs 
to own, operate, and manage transmission assets 
over a wide area. This would allow {TCs to access 
economies of scale in asset investment, planning, 
and operations to increase throughout and enhance 
reliability in the most cost-effective manner. This 
structure would also avoid ownership fragmentation 
within a single market, which is a key obstacle to 
the introduction of performance-based rates that 
benefit customers by aligning the interests of trans- 


mission companies and customers in reducing con- 


gestion. This approach to "horizontal integration" of 


the transmission sector under a single regulated 
for-profit entity is key to establishing an industry 
structure that recognizes the transmission system 
as a market enabler and provider of infrastructure 
to support effective competitive markets. Market 
administration would be contracted out to another 
(potentially nonprofit) entity while generators, other 
suppliers, demand response providers, and load 
serving entities (LSEs) would all compete and in- 
novate in. fully functioning markets, delivering still- 
increased efficiency and more choices for customers. 


REGULATORY ISSUES 


The industry clearly shoulders much of the respon- 
sibility for determining its own future and for taking 
the steps necessary to ensure the robustness of the 
nation’s transmission system. However, the industry 
also operates within an environment governed by 
substantial regulatory controls. Therefore, policy- 
makers also will have a significant role in helping 
to remove the obstacles to. the delivery of the full 
benefits of industry restructuring to customers. In 
order to ensure adequate transmission investment 
and the expansion of the system as appropriate, the 
following policy issues must be addressed: 


Regional planning: Because the transmission 
system is an integrated network, planning for 
system needs should occur on a regional basis. 
Regional planning recognizes that transmission 
investment and the benefits transmission can 
deliver to customers are regional in nature 
rather than bounded by state or service area 
lines. Meaningful regional planning processes 
also take into account the fact that transmis- 
sion provides both reliability and economic 
benefits. Comprehensive planning processes 
provide for mechanisms to pursue regulated 
transmission solutions for reliability and eco- 
nomic needs in the event that the market fails 
to respond or is identified as unlikely to re- 
spond to these needs in a timely manner. In 
areas where regional system planning pro- 
cesses have been implemented, such as New 
England and PJM, progress is being made to- 
wards identifying and building transmission 
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projects that will address regional needs and do 
so in a way that is cost effective for customers. 
Cost recovery and allocation: Comprehensive re- 
gional planning processes that identify needed 
transmission projects must be accompanied by 
cost recovery and allocation mechanisms that 
recognize the broad benefits of transmission 
and its role in supporting and enabling regional 
electricity markets. Mechanisms that allocate 
the costs of transmission investment broadly 
view transmission as the regional market en- 
abler it is and should be, provide greater cer- 
tainty and reduce delays in cost recovery, and, 
thus, remove obstacles to provide further 


‘incentives for the owners and operators of 


transmission to make such investment. 
Certainty of rate recovery and state cooperation: lt 
is critical that transmission owners are assured 
certain and adequate rate recovery under a 
regional planning process. Independent agimin- 
istration of the planning processes will assure 
that transmission enhancements required for 
reliability and market efficiency do not unduly 
burden retail customers with additional costs. 
FERC and the states must work together to 
provide for certainty in rate recovery from : 
ultimate customers through federal and state 
jurisdictional rates. 

Incentives to encourage transmission investment, 
independence, and consolidation: At a time when 
a significant increase in transmission invest- 
ment is needed to ensure reliability, produce 
an adequate platform for competitive power 
markets and regional electricity commerce, 
and to promote fuel diversity and renewable 
sources of supply, incentives not only for 
investment but also for independence and 
consolidation of transmission are needed and 
warranted. Incentives should be designed to 
promote transmission organizations that ac- 
knowledge the benefits to customers of varying 
degrees of transmission independence and re- 
ward that independence accordingly. These in- 
centives may take the form of enhanced rates 
of return or other financial incentives for assets 
managed, operated, and/or owned by an ITC. 


8 CHAPTER | INTRODUCTION 


The debate about transmission regulation will 
continue. Ultimately, having the correct mixture of 
incentives and reliability standards will be a critical 
factor that will determine whether or not the na- 
tion's grid can successfully tie markets together and 
improve the overall reliability of the bulk transmis- 
sion system in the United States. The future trans- 
mission system must be able to meet the needs of 
customers reliably and support competitive markets 
that provide them with electricity efficiently. Failure 
to invest in the transmission system now will mean 
an increased likelihood of reduced reliability and 
higher costs to customers in the future. 


WORKFORCE OF THE FUTURE 


Clearly, che nation's transmission system will need 
considerable investment and physical work due to 
age, growth of the use of electricity, changing mar- 
kets, and how the networks are used. As previously 
noted, this will lead to a required significant increase 
in capital spending. But another critical resource is 
beginning to become a concern to many in the in- 
dustry, specifically the continued availability of qual- 
ified power system engineers. 

Utility executives polled by the Electric Power 
Research Institute in 2003 estimated that 50% of the 
technical workforce will reach retirement in the 
next 5—[0 years. This puts the average age near 50, 
with many utilities still hiring just a few college 
graduates each year. Looking a few years ahead, ac 
the same time when a significant number of power 
engineers will be considering retirement, the need 
for them will be significantly increasing. The supply 
of power engineers will have to be great enough to 
replace the large numbers of those retiring in addi- 
tion to the number required to respond to the an- 
ticipated increase in transmission capital spending. 

Today, the number of universities offering power 
engineering programs has decreased. Some uni- 
versities, such as Rensselaer Polytechnic Institute, 
no longer have separate power system engineering 


departments. According to the IEEE, the number of. 


power system engineering graduates has dropped 
from approximately 2,000 per year in the 1980s 


to 500 today. Overall, the number of engineering 
graduates has dropped 50% in the last |5 years. 
Turning this situation around will require a long- 
term effort by many groups working together, 
including utilities, consultants, manufacturers, uni- 
versities, and groups such as the IEEE Power En- 


gineering Society (PES). 


Part of the challenge is that utilities are compet- 
ing for engineering students against other industries, 
such as telecommunications or computer software 
development, that are perceived as being more 
glamorous or more hip than the power industry and 
have no problem attracting large numbers of new 
engineers. 

For the most part, the power industry has not 
done a great job of selling itself, Too often, headlines 
focus on negatives such as rate increases, power 
outages, and community relations issues related to a 
proposed new generation plant or transmission line. 
To a large extent, the industry also has become a 
victim of its own success by delivering electricity so 
reliably that the public generally takes it for granted, 
which makes the good news more difficult to tell. It 
is incumbent upon the industry to take a much 
more proactive role in helping its public—including 
talented engineering students—understand the ded- 
ication, commitment, ingenuity, and innovation that 
is required to keep the nation's electricity system 
humming. PES can play an important role in this. 

On a related note, as the industry continues to 
develop new, innovative technologies, they should 
be documented and showcased to help generate 
excitement about the industry among college-age 
engineers and help attract them to power system 
engineering. 

The utilities, consultants, and manufacturers must 
strengthen their relationships with strong technical 
institutions to continue increasing support for elec- 
trical engineering departments to offer. power Sys- 
tems classes at the undergraduate level. In some 
cases, thís may even require underwriting a class. 
Experience at National Grid has shown. that when 
support for a class is guaranteed, the number of 
students who sign up typically is greater than ex- 
pected. The industry needs to further support these 


efforts by offering presentations to students on the 
complexity of the power system, real problems that 
need to be solved, and the impact that a reliable, 
cost-efficient power system has on society. Spon- 
soring more student internships and research proj- 
ects will introduce additional students and faculty to 
the unique challenges of the industry. In the future, 
the industry will have to hire more nonpower en- 
gineers and train them .in the specifics of power 
system engineering or rely on hiring from overseas. 

Finally, the industry needs to cultivate relation- 
ships with universities to assist in developing pro- 
fessors who are knowledgeable about the industry. 
This can take the form of research work, consulting, 
and teaching custom programs for the industry. 
National Grid has developed relationships with sev- 
eral northeastern U.S. institutions that are offering 
courses for graduate engineers who may not have 
power backgrounds. The courses can be offered 
online, at he university, or on site at the utility. 

This problem will only get worse if industry 
leaders do not work together to resolve it. The in- 
dustry's future depends on its ability to anticipate 
what lies ahead and the development of the neces- 
sary human resources to meet the challenges. 


CONCLUSIONS 


The electric transmission system plays a critical role 
in the lives of the people of the United States. It is 
an ever-changing system both in physical terms and 
how it is operated and regulated. these changes 
must be recognized and actions developed accord- 
ingly. Since the industry is made up of many orga- 
nizations that share the system, it can be difficult to 
agree on action plans. 

There are a few points on which all can agree. 
The first is that the transmission assets continue to 
get older and investment is not keeping up with 
needs when looking over a future horizon. The issue 
will only get worse as more lines and substations 
exceed the 50-year age mark. Technology develop- 
ment and application undoubtedly will increase as 
engineers look for new and creative ways to com- 
bat the congestíon issues and increased electrical 
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demand—and new overhead transmission lines will 
be only one of the solutions considered. 

The second is that it will be important for further 
refinement in the restructuring of the industry to 
occur. The changes made since the late 1990s have 
delivered benefits to customers in the Northeast 
in the form of lower energy costs and access to 
greater competitive electric markets. Regulators and 
policymakers should recognize that independently 
owned, operated, managed, and widely planned 
networks are important to solving future problems 
most efficiently. Having a reliable, regional, uncon- 
gested transmission system will enable a healthy 
competitive marketplace. 

The last, but certainly not least, concern is with 
the industry's future workforce. Over the last year, 
there has been significant discussion of the issue, but 
it will take a considerable effort by many to guide 
the future workforce into a position of appreciating 
the electricity industry and desiring to enter it and 
to ensure that the training and education systems 
are in place to develop the new engineers who will 
be required to upgrade and maintain the electric 
power system. 

The industry has many challenges, but it also has 
great resources and a good reputation. Through the 
efforts of many and by working together through 
organizations such as PES, the industry can move 
forward to the benefit of the public and the United 
States as a whole. 
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HISTORY OF ELECTRIC POWER SYSTEMS 


In 1878, Thomas A. Edison began work on the electric light and formulated 
the concept of a centrally located power station with distributed lighting 
serving a surroundmg area. He perfected his light by October 1879, and the 
opening of his historic Pearl Street Station in New York City on September 
4, 1882, marked the beginning of the electric utility 1ndustry (see Figure 1.1). 
At Pearl Street, dc generators, then called dynamos, were driven by steam 
engines to supply an initial load of 30 kW for 110-V incandescent lighting to 
59 customers in a ÍI-square-mile area. From this beginning. in 1882 through 
1972, the electric utility industry grew at a remarkable pace—a growth based 
on continuous reductions in the price of electricity due primarily to techno- 
logical acomplishment and creative engineering. 

The introduction of the practical dc motor by Sprague Electric, as well 
as the growth of incandescent lighting, promoted the expansion of Edison's 
dc systems. The development of three-wire 220-V dc systems allowed load 
to increase somewhat, büt as transmission distances and loads continued to 
increase, voltage problems were encountered. These limitations of maximum 
distance and load were overcome in 1885 by William Stanley's development 
of a commercially practical transformer. Stanley installed an ac distribution 
system 1n Great Barrington, Massachusetts, to supply 150 lamps. With the 
transformer, the ability to transmit power at high voltage with corresponding 
lower current and lower line-voltage drops made ac more attractive than dc. 
The first single-phase ac line in the United States operated in 1889 in Oregon, 
between Oregon City and Portland—21 km at 4 kV. 

The growth of ac systems was further encouraged in 1888 when Nikola 


FIGURE 1.1 
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transmission line in 
United States, in Oregon: 
Oregon City to Portland 


First three-phase ac 1891 (4 kV, 21 km) 
transmission line in 
Germany (12 kV, 179 km) 


1893 First three-phase ac 
transmission line in 
United States, in California 
(2.3 kV, 12 km) 


Milestones of the early electric utility industry [1] (H. M. Rustebakke et al., Electric 
Utility Systems Practice, 4° Ed. (New York: Wiley, 1983). Photos courtesy of 
Westinghouse Historical Collection.) 


Tesla presented a paper at a meeting of the American Institute of Electrical 
Engineers describing two-phase induction and synchronous motors, which 
made evident the advantages of polyphase versus single-phase systems. The 
first three-phase line in Germany became operational in 1891, transmitting 
power 179 km at 12 kV. The first three-phase line in the United States (in 
California) became operational in 1893, transmitting power 12 km at 2.3 kV. 
The three-phase induction motor conceived by Tesla went on to become the 
workhorse of the industry. 

In the same year that Edison’s steam-driven generators were inaugu- 
rated, a waterwheel-driven generator was installed in Appleton, Wisconsin. 
Since then, most electric energy has been generated in steam-powered and in 
water-powered (called hydro) turbine plants. Today, steam turbines account 
for more than 85% of U.S. electric energy generation, whereas hydro turbines 
account for about 7%. Gas turbines are used in some cases to meet peak 
loads. 

Steam plants are fueled primarily by coal, gas, oil, and uranium. Of 
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these, coal 1s the most widely used fuel in the United States due to its abun- 
dance in the country. Although many of these coal-fueled power plants were 
converted to oil during the early 1970s, that trend has been reversed back to 
coal since the 1973/74 oil embargo, which caused an oil shortage and created 
a national desire to reduce dependency on foreign oil. In 2004, approximately 
50% of electricity in the United States was generated from coal [2]. 

In 1957, nuclear units with 90-MW steam-turbine capacity, fueled 
by uranium, were installed, and today nuclear units with 1312-MW steam- 
turbine capacity are in service. In 2004, approximately 19% of electricity in 
the United States was generated from uranium from 103 nuclear power 
plants. However, the growth of nuclear capacity in the United States has 
been halted by rising construction costs, licensing delays, and public opinion. 
Although there are no emissions associated with nuclear power generation, 
there are safety 1ssues and environmental issues, such as the disposal of used 
nuclear fuel and the impact of heated cooling-tower water on aquatic hab- 
itats. Future technologies for nuclear power are concentrated on safety and 
environmental issues [2]. 

Starting in the 1990s, the choice of fuel for new power plants in the 
United States has been natural gas due to its availability and low cost as well 
as the higher efficiency, lower emissions, shorter construction-lead times; 
safety, and lack of controversy associated with power plants that use natural 
gas. Natural gas is used to generate electricity by the following processes: (1) 
gas combustion turbines use natural gas directly to fire the turbine; (2) steam 
turbines burn natural gas to create steam in a boiler, which is then run 
through the steam turbine; (3) combined cycle units use a gas combustion 
turbine by burning natural gas, and the hot exhaust gases from the combus- 
tion turbine are used to boil water that operates a steam turbine; and (4) fuel 
cells powered by natural gas generate electricity using electrochemical re- 
actions by passing streams of natural gas and oxidants over electrodes that 
are separated by an electrolyte. In 2004, approximately 19% of electricity in 
the United States was generated from natural gas [2]. 

In 2004 in the United States approximately 7% of electricity was gen- 
erated by water (hydro power) and 3% by oil [2]. Other types of electric 
power generation are also being used, including wind-turbine . generators; 
geothermal power plants, wherein energy in the form of steam or hot water is 
extracted from the earth's upper crust; solar cell arrays; and tidal power 
plants. These sources of energy cannot be ignored, but they are not expected 
to supply a large percentage of the world's future energy needs. On the 
other hand, nuclear fusion energy just may. Substantial research efforts have 
shown nuclear fusion energy to be a promising technology for producing 
safe, pollution-free, and economical electric energy later in the 21st century 
and beyond. The fuel consumed in a nuclear fusion reaction is deuterium, of 
which a virtually inexhaustible supply is present in seawater. 

The early ac systems operated at various frequencies including 25, 50, 
60, and 133 Hz. In 1891, it was proposed that 60 Hz be the standard fre- 
quency in the United States. In 1893, 25-1Iz systems were introduced with the 


FIGURE |.2 


Growth of U.S. electric 


energy consumption 

[1, 2, 3, 5] (H. M. 
Rustebakke etal, 

Electric Utility Systems 

Practice, 4? Ed. (New 

York: Wiley, 1983).) 


SECTION 1.1 HISTORY OF ELECTRIC POWER SYSTEMS 13 


U.S. Electric Energy Sales 


Forecast 


kWh x 10*? 





1900 1920 1940 1960 1980 2000 2010 2015 
Year 


synchronous converter. However, these systems were used primarily for rail- 
road electrification (and many are now retired) because, they had the dis- 
advantage of causing incandescent lights to flicker. In California, the Los 
Angeles Department of Power and Water operated at 50 Hz, but converted 
to 60 Hz when power from the Hoover Dam became operational in 1937. In 
1949, Southern California Edison also converted from’ 50 to 60 Hz. Today, 
the two standard frequencies for generation, transmission, and distribution of 
electric power in fhe world are 60 Hz (in the United States, Canada, Japan, 
Brazil) and 50 Hz (in Europe, the former Soviet republics, South America 
except Brazil, India, also Japan). The advantage of 60-Hz systems is that 
generators, motors, and transformers in these systems are generally smaller 
than 50-Hz equipment with the same ratings. The advantage of 50-Hz sys- 
tems is that transmission lines and transformers have smaller reactances at 
50 Hz than at 60 Hz. 

As shown 1n Figure 1.2, the rate of growth of dlectric energy in the 
United States was approximately 7% per year from 1902 to 1972. This corre- 
sponds to a,doubling of electric energy consumption every 10. years over the 
70-year period. In other words, every 10 years the industry installed a new 
electric system equal in energy-producing capacity to the total of what it had 
built since the industry began. The annual growth rate slowed after the oil 
embargo of 1973/74. Kilowatt-hour consumption in the United States in- 
creased by 3.4% per year from 1972 to 1980, and by 2.1% per year from 1980. 
to 2000. 

Along with increases in load growth, there have been continuing in- 
creases in the size; of generating units (Table 1.1). The principal incentive to 
build larger units bas been economy of scale—that is, a reduction in installed 
cost per kilowatt of capacity for larger units. However, there have also been 
steady improvements in generation efficiency. For example, in 1934 the aver- 
age heat rate for steam generation in the U.S. electric industry was 17,950 
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TABLE l.i 


Growth of generator 
sizes jn the United States 


[1] 


TABLE [1.2 


History of increases 10 
three-phase transmission 
" voltages in the United 


States [1| 
Voltage Year of 

(kV) Installation 
2.3 1893 
44 1897 
150 1913 
165 1922 
230 1923 
287 1935 
345 1953 
500 1965 


765 1969 


Generators Driven by Single-Shaft, 


Hydroelectric Generators 3600 r/min Fossi!-Fueled Steam Turbines 
Size Year of Size Year of 
(MYA) Installation (MVA) Installation 

4 1895 5 1914 
108 1941 50 1937 
158 1966 216 1953 
232 1973 506 1963 
615 1975 907 | 1969 
718 1978 1120 1974 


BTU/kWh, which corresponds to 19% efficrency. By 1991, the average heat 
rate was 10,367 BTU/kWh, which corresponds to 33% efficiency. These im- 
provements in thermal efficiency due to increases in unit size and in steam 
temperature and pressure, as well as to the use of steam reheat, have resulted 
m savings in fuel costs and overall operating costs. 

There have been continuing increases, too, in transmission voltages 
(Table 1.2). From Edison’s 220-V three-wire dc grid to 4-kV single-phase and 
2.3-kV three-phase transmission, ac transmission voltages in the United 
States have risen progressively to 150, 230, 345, 500, and now 765 kV. And 
ultra-high voltages (UHV) above 1000 kV are now being studied. The in- 
centives for increasing transmission voltages have been: (1) increases in trans- 
mission distance and transmission capacity, (2) smaller line-voltage drops, (3) 
reduced line losses, (4) reduced nght-of-way requirements per MW transfer, 
and (5) lower capital and operating costs of transmission. Today, one 765-kV 
three-phase line can transmit thousands of megawatts over hundreds of 
kilometers. 

The technological developments that have occurred in conjunction with 
ac transmission, including developments 1n insulation, protection, and con- 
trol, are in themselves important. The following examples are noteworthy: 


1. The suspension insulator 


2. The high-speed relay system, currently capable of detecting short- 
circuit currents within one cycle (0.017 s) 


3. High-speed, extra-high-voltage (EHV) circuit breakers, capable of 
interrupting up to 63-kA three-phase short-circuit currents within 
two cycles (0.033 s) ` 


4. High-speed reclosure of EHV lines, which enables automatic re- 
turn to service within a fraction of a second after a fault has been 
cleared 


5. The EHV surge arrester, which provides protection againsttransient 
overvoltages due to lightning strikes and line-switching operations 
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6. Power-lme carrier, microwave, and fiber optics as communication 
mechanisms for protecting, controlling, and metering transmission 
lines 


7. The principile of insulation coordination applied to the design of an 
entire transmission system 


8. Energy control centers with supervisory control and data acquisi- 
uon (SCADA) and with automatic generation control (AGC) for 
centralized computer monitoring ii control of generation, trans- 
mission, and distribution 


9. Automated distribution features, including reclosers and remotely 
controlled sectionalizing switches with fault-indicating capability, 
along with automated mapping/facilities management (AM/FM) 
and geographic information systems (GIS) for quick 1solation and 
identification of outages and for rapid restoration of customer 
services 


10. Digital relays capable of circuit breaker control, data logging, fault 
locating, self-checking, fault analysis, remote query, and relay event 
monitoring/recording. 


In 1954, the first modern high-voltage dc (HVDC) transmission line 
was put into operation in Sweden between Vastervik and the island of Got- 
land m the Baltic sea; it operated at 100 kV for a distance of 100 km. The 
first HVDC line in the United States was the +400-kV, 1360-km Pacific In- 
tertie line installed between Oregon and California in 1970. As of 2000, four 
other HVDC lines up to 400 kV and five back-to-back ac-dc links had been 
installed in the United States, and a total of 30 HVDC lines up to 533 kV 
had been installed worldwide. | 

For an HVDC line embedded in an ac system, solid-state converters at 
both ends of the dc line operate as rectifiers and inverters. Since the cost of an 
HVDC transmission line is less than that of an ac line with the same capac- 
ity, the additional cost of converters for dc transmission is offset when the 
line is long enough. Studies have shown that overhead HVDC transmission Is 
economical 1n the United States for transmission distances longer than about 
600 km. 

In the United States, electric utilities grew first as Serre systems, with 
new ones continuously starting up throughout the country. Gradually, how- 
ever, neighboring electric utilities began to interconnect, to operate in par- 
allel. This improved both reliability and economy. Figure 1.3 shows major 
230-kV and higher-voltage, interconnected transmission in the United States 
in 2000. An interconnected system has many advantages. An interconnected 
utility can draw upon another's rotating generator reserves during a time of 
need (such as a sudden generator outage or load increase), thereby maintain- 
ing continuity of service, increasing reliability, and reducing the total nunrber 
of generators that need to be kept running under no-load conditions. Also, 
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interconnected utilities can schedule power transfers during normal periods to 
take advantage of energy-cost differences in respective areas, load diversity, 
time zone differences, and seasonal conditions. For example, utilities whose 
generation is primarily hydro can supply low-cost power during high-water 
periods in spring/summer, and can receive power from the interconnection 
during low-watér periods in fall/winter. Interconnections also allow shared 
ownership of larger, more efficient generating units. 

While sharing the benefits of interconnected operation, each utility is 
obligated to help neighbors who are in trouble, to maintain scheduled in- 
tertie transfers during normal periods, and to participate in system frequency 
regulation. 

In addition to the benefits/obligations of peni operation, 
there are disadvantages. Interconnections, for example, have increased fault 
currents that occur during short circuits, thus requiring the use of circuit 
breakers with higher interrupting capability. Furthermore, although overall 
system reliability and economy have improved dramatically through inter- 
connection, there is a remote possibility that an initial disturbance may lead 
to a regional blackout, such as the one that occurred in August 2003 in the 
northeastern United States and Canada. 





PRESENT AND FUTURE TRENDS 


Present trends indicate that the United States is becoming more electrified 
as it shifts away from a dependence on the direct use of fossil fuels. The elec- 
tric power industry advances economic growth, promotes business develop- 
ment and expansion, provides solid employment opportunities, enhances the 
quality of life for its users, and powers the world. Increasing electrification in 
the United States is evidenced in part by the ongoing digital revolution. Ac- 
cording to the Edison Electric Institute, analysts use a term called “‘electricity 
intensity" to relate electricity use to the gross domestic product (GDP). Since 
1960, the intensity of electricity use in the United States, measured by elec- 
tricity consumption per dollar of real GDP, has increased by more than 25%. 
By comparison, the overall intensity of energy use (including electricity and 
the direct use of fossil fuels) has decreased by more than 40% over the same 
time period [4]. 

Ás shown in Figure 1.2, the growth rate in the use of electricity in the 
United States is projected to increase by about 2% per year from 2004 to 
2015 [3, 5]. Although electricity forecasts for the next ten years are based on 
economic and social factors that are subject to change, 2% annual growth 
rate is considered necessary to generate the GDP anticipated over that pe- 
riod. Variations in longer-term forecasts of 1.5-to-2.5% annual growth from 
2004 to 2030 are based on low-to-high ranges in economic growth. Average 
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FIGURE 1.4 


Electric energy 
generation in the United 
States, by principal fuel 
types [3, 5| 
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dehvered electricity prices are projected to initially decline from 7.6 cents per 
kilowatt-hour (2004 dollars) in 2004 to a low of 7.1 cents pet kilowatt-hour 
in 2015, as a result of declines in natural gas and coal prices. After 2015, 
average delivered electricity prices are projected to increase to 7.5 cents per 
kilowatt-hour in 2030 [5]. 

Figure 1.4 shows the percentages of various fuels used to meet U.S. 
electric energy requirements for 2004 and those projected for 2015 and 2030. 
Several trends are apparent in the chart.. One ts the increasing use of coal. 
This trend is due primarily to the large amount of U.S. coal reserves, which, 


‘according to some estimates, 1s sufficient to meet U.S. energy needs for the 


next 500 years. Implementation of public policies that have been proposed to 
reduce carbon dioxide emissions and air pollution could reverse this trend. 
Another trend 1s the increase in consumption of natural gas with gas-fired 
turbines that are safe, clean, and more efficient than competing technologies. 
Regulatory policies to lower greenhouse gas emissions could accelerate a 
switchover from coal to gas, but that would require an increasing supply of 
deliverable natural gas [10]. A percentage decrease in nuclear fuel consump- 
tion is also evident. No new nuclear plant has been ordered in the United 
States for more than 25 years. The projected growth from 0.79 x 10? kwh in 
2004 to 0.87 x 10! kWh in 2030 in nuclear generation is based on uprates at 
existing plants and some new nuclear capacity that is cost competitive. Saféty 


FIGURE |.5 


Installed generating 
capability in the United 
States by principal fuel 
types (3, 5] 
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concems will require passive or mherently safe reactor designs with stan- 
dardized, modular construction of nuclear units. Also shown in Figure 1.4 1s 
a small percentage increase in electricity generation from hydro and renew- 
able energy sources including electricity generated from peomermak wood, 
waste, and solar energy. 

Figure 1.5 shows the 2004 and projected 2015 U.S. generating capabil- 
ity by principal fuel type. As shown, total U.S. generating capacity is pro- 
jected to reach 1,002 GW (1 GW = 1000 MW) by the year 2015. This repre- 
sents a 0.4% annual projected growth in generating capacity, which is less 
than the 2% annual projected growth in electric energy production and con- 
sumption. As a result, generating capacity reserve margins are currently 
shrinking. Generating resources in the near term (2005-2009) with sufficient 
generating capacity reserve margins will be adequate to meet customer de- 
mand throughout North America, provided new generating facilities are con- 
structed as anticipated. Generating resource adequacy in the longer term 
(2010-2014) is more uncertain and depends on the following factors: timely 
completion of planned capacity additions; ability to obtain necessary siting 
and environmental permits; ability to obtain financial backing; price and 
supply of fuel; and political and regulatory actions [6]. 

As of 2004, there were 162,979 circuit. miles of existing transmission 
(230 kV and above) in the United States. An additional 9,953 circuit miles of 
new transmission that is projected for the 2005-2014 time frame, will in- 
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crease the total to 172,932 U.S. circuit miles (230 kV and above). The North 
American Reliability Council (NERC) generally expects the transmission 
system in North America to perform reliably during 2005-2014. While the 
system has come under increasing strain over the past several years because 
of lack of transmission investment, an aging transmission infrastructure, 
increased load demand, and tighter transmission operating margins, it is 
NERC's opinion that reliability can be maintained and should not be threat- 
ened if the electric utility industry adheres to NERC reliability standards [6]. 
However, specific areas and problems have been identified in each 
of NERC's seasonal and long-term reliability assessments. Transmission 
congestion and constraints impede the transfer of electric power within and 
between geographical regions. As the electric utility industry continues to 
undergo restructuring, the transmission system 1s being adapted as a delivery 
system for commercial energy sales. New transmission limitations could ap- 
pear in unexpected locations as new generation is installed and market-driven 
energy transactions shift generation patterns. Restructuring policies that en- 
courage greater investment in the transmission grid would enhance trans- 
mission reliability. Having and maintaining reliable, regional, uncongested 
transmission systems will also enable a competitive marketplace [6, 7]. 
Growth in distnbution construction roughly correlates with growth in 
electric energy construction. During the last two decades, many U.S. uülities 
converted older 2.4-, 4.1-, and 5-kV primary distribution systems to 12 or 
15 kV, The 15-kV voltage class is widely preferred by U.S. utilities for new 
installations; 25 kV, 34.5 kV, and higher primary distribution voltages are 
also utilized. Secondary distribution. reduces the voltage for utilization 
by commercial and residential customers. Common secondary distribution 
voltages in the, United States are 240/120 V, single-phase, three-wire; 208Y/ 
120 V, three-phase, four-wire; and 480Y/277 V, three-phase, four-wire. 
Utility executives polled by the Electric Power Research Institute 
in 2003 estimated that 50% of the electric-utility technical workforce in the 
United States will reach retirement in the next five to ten years. And accord- 
ing to the IEEE, the number of U.S. power system engineering graduates has 


. dropped from approximately 2,000 per year in the 1980s to 500 in 2006. The 


continuing availability of qualified power system engineers is a critical re- 
source to ensure that transmission and distribution systems are maintained 
and operated efficiently and reliably [7]. 


ELECTRIC UTILITY INDUSTRY STRUCTURE 


The case study at the beginning of this.chapter describes the restructuring of 
the electric utility industry that has been ongoing in the United States. The 
previous structure of large, vertically integrated monopolies that existed until 
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the last decade of the twentieth century is being replaced by a horizontal 
structure with generating companies, transmission companies, and distribu- 
tion companies as separate business facilities. 

In 1992, the United States Congress passed the Energy Policy Act, 
which has shifted and continues to further shift regulatory power from the 
state level to the federal level. The 1992 Energy Policy Act mandates the 
Federal Energy Regulatory Commission (FERC) to ensure that adequate 
transmission and distribution access is available to Exempt Wholesale Gen- 
erators (EWGs) and nonutility generation (NUG). In 1996, FERC issued the 
"MegaRule," which regulates Transmission Open Access (TOÀ). 

TOA was mandated in order to facilitate competition in wholesale gen- 
eration. As a result, a broad range of Independent Power Producers (IPPs) 
and cogenerators now submit bids and compete in energy markets te match 
electric energy supply and demand. In the future, the retail structure of power 
distribution may resemble the existing structure of the telephone industry; 
that is, consumers would choose which generator to buy power from. Also, 
with demand-side metering, consumers would know the retail price of electric 
energy at any given time and choose when to purchase it. 

Overall system reliability has become a major concern as the electric 
utility industry adapts to the new horizontal structure. The North American 
Electric Reliability Council (NERC), which was created after the 1965 North- 
east blackout, 1s responsible for maintaining system standards and reliabihty. 
NERC coordinates its efforts with FERC and other organizations such as the 
Edison Electric Institute ( EEI) [8]. 

As shown in Figure 1.3, the transmission system in North America is 
interconnected in a large power grid known as the North American Power 
Systems Interconnection. NERC divides this grid into ten geographic regions 
known as coordinating councils (such as WSCC, the Western Systems Coor- 
dinating Council) or power pools (such as MAPP, the Mid-Continent Area 
Power Pooi). The councils or pools consist of several neighboring utility 
companies that jointly perform regional planning studies and operate jointly 
to schedule generation. 

The basic premise of TOA is that transmission owners treat all trans- 
mission users on a nondiscriminatory and comparable basis. In December 
1999, FERC issued Order 2000, which calls for companies owning trans- 
mission systems to put transmission systems under the control of Regional 
Transmission Organizations (RTOs). Several of the NERC regions have 
either established Independent System Operators (ISOs) or planned for ISOs 
to operate the transmission system and facilitate transmission services. Main- 
tenance of the transmission system remains the responsibility of the transmis- 
sion Owners, 

At the time of the August 14, 2003 blackout in the northeastern United 
States and Canada, NERC reliability standards were voluntary. In August 
2005, the U.S. Federal government passed the Energy Policy Act of 2003, 
which authorizes the creation of an electric reliability organization (ERO) 
with the statutory authority to enforce compliance with reliability standards 
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among all market participants. On July 20, 2006 FERC issued an order cer- 
tifying NERC as the ERO for the United States. NERC is also seeking rec- 
ognition as the ERO from governmenta] authorities in Canada [8]. 

The objectives of electric utility restructuring are to increase competi- 
tion, decrease regulation, and in the long run lower consumer prices. There is 
a concern that the benefits from breaking up the old vertically integrated 
utilities will be unrealized if the new unbundled generation and transmission 
companies are able to exert market power. Market power refers to the ability 
of one seller or group of sellers to maintain prices above competitive levels 
for a significant period of time, which could be done via collusion or by tak- 
ing advantage of operational anomalies that create and exploit transmission 
congestion. Market power can be eliminated by independent supervision of 
generation and transmission companies, by ensuring that there are an ample 
number of generation companies, by eliminating transmission congestion, 
and by creating a truly competitive market, where the spot price at each node 
(bus) in the transmission system equals the marginal cost of providing energy 
at that node, where the energy provider is any generator bidding into the sys- 
tem [9]. 





COMPUTERS IN POWER SYSTEM ENGINEERING 


As electric utilities have grown 1n size and the number of interconnections has 
increased, planning for future expansion has become increasingly complex. 
The increasing cost of additions and modifications has made it imperative 
that utilities consider a range of design options, and perform detailed studies 
of the effects on the system of each option, based on a number of assump- 
tions: normal and abnormal operating conditions, peak and off-peak load- 
ings, and present and future years of operation. A large volume of network 
data must also be collected and accurately handled. To assist the engineer in 
this power system planning, digital computers and highly developed com- 
puter programs are used. Such programs include power-flow, stability, short- 
circuit, and transients programs. 

Power-flow programs compute the voltage magnitudes, phase angles, 
and transmission-line power flows for a network under steady-state operating 
conditions. Other results, including transformer tap settings and generator 
reactive power outputs, are also computed. Today's computers have sufficient 
storage and speed to efficiently compute power-flow solutions for networks 
with 100,000 buses and 150,000 transmission lines. High-speed printers then 
print out the complete solution in tabular form for analysis by the planning 
engineer. Also available are interactive power-flow programs, whereby 
power-flow results are displayed on computer screens in the form of single- 
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line diagrams; the engineer uses these to modify the network with. à mouse 
or from a keyboard and can readily visualize the results. The computer’s 
Jarge storage and high-speed capabilities allow the engineer to run the many 
different cases necessary to analyze and design transmission and generation- 
expansion options. 

Stability programs are used to study power systems under disturbance 
conditions to determine whether synchronous generators and motors remain 
in synchronism. System disturbances can be caused by the sudden loss of a 
‘generator or transmission line, by sudden load increases or decreases, and by 
short circuits and switching operations. The stability program combines 
power-flow equations and machine-dynamic equations to compute the angu- 
lar swings of machines during disturbances. The program also computes crit- 
ical clearing times: for network faults, and allows the engineer to investigate 
the effects of various machine parameters, network modifications, distur- 
bance types, and control] schemes. 

Short-circuits programs are used to compute three-phase and line-to- 
ground faults in power system networks in order to select circuit breakers for 
fault interruption, select relays that detect faults and control circuit breakers, 
and determune relay settings. Short-circuit currents are computed for each 
relay and circuit-breaker location, and for various system-operating con- 
ditions such as lines or generating units out of service, in order to determine 
minimum and maximum fault currents. 

Transients programs compute the magnitudes and shapes of transient 
overvoltages and currents that result from lightning strikes and line-switching 
operations. The planning engineer uses the results of a transients program to 
determine insulation requirements for lines, transformers, and othér equip- 
ment, and to select surge arresters that protect equipment against transient 
overvoltages. 

Other computer programs for power system planning include relay- 
coordination programs and distribution-circuits programs. Computer pro- 
grams for generation-expansion planning include reliability: analysis and 
loss-of-load probabibty (LOLP) programs, production cost programs, and 
investment cost programs. 





POWERWORLD SIMULATOR 


PowerWorld Simulator (PowerWorld) version 12, GSO is a commercial-grade 
power system analysis and simulation package that accompanies this text. 
he purposes of integrating PowerWorld with the text are to provide com- 
puter solutions to examples in the text, to extend the examples, .to demon- 
strate topics covered in the text, to provide a software tool for more realistic 
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EXAMPLE 1.1 


FIGURE !.6 


Example power system 


design projects, and to provide the readers with experience using a commer- 
cial grade power system analysis package. To use this software package, first 
install PowerWorld on your computer by following the instructions on the 
CD that accompanies the text. Note, while the book comes with the most re- 
cent version at the time of publication, in the future updated versions of this 
software can be downloaded at www.powerworld.com/GloverSarmaOverbye. 
The remainder of this section provides the necessary details to get up and 
running with PowerWorld. 


Introduction to PowerWorld Simulator 


After installing PowerWorld, double-click on the PW icon to start the pro- 
gram. Power system analysis requires, of course, that the user provide the 
program with a model of the power system. With PowerWorld you can either 
build a new case (model) from scratch or start from an existing case. Initially 
we'll start from an existing case. Select File, Open Case. This displays the 
Open Dialog. Select the Example 1. | case in the Chapter 1 directory, and 
then click Open. The display should look similar to Figure 1.6. 

For users familiar with electric circuit schematics it 1s readily apparent 
that Figure 1.6 does NOT look like a traditional schematic. This is because 
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the system is drawn in what is called one-line diagram form. A brief explana-- 
tion Is in order. Electric power systems range in size from small dc systems 
with peak power demands of perhaps a few milliwatts (mW) to large 
 continent-spanning interconnected ac systems with peak demands of hun- 
dreds of Gigawatts (GW) of demand (1 GW = | x 10? Wait). The subject of 
this book and also PowerWorld are the high-voltage, high-power, inter- 
connected ac systems. Almost without exception these systems operate using 
three-phase ac power at either 50 or 60 Hz. As discussed in Section 2.6, full 
analysis of an arbitrary three-phase system requires consideration of each of 
the three phases. Drawing such systems in full schematic form quickly gets 
excessively complicated. Thankfully, during normal operation three-phase 
systems are usually balanced. This permits the system to be accurately 
modeled as an equivalent single-phase system (the details are discussed in 
Chapter 8, Symmetrical Components). Most power system analysis packages, 
including PowerWorld, use this approach. Then connections between devices 
are then drawn with a single line Joining the system devices, hence the term 
“one-line” diagram. However, do keep in mind that the actual systems are 
three phase. ' 

Figure 1.6 illustrates how the major power system components are rep- 
resented in PowerWorld. Generators are shown as a circle with a “dog-bone™ 
rotor, large arrows represent loads, and transmission lines are stmply drawn 
as lines. In power system terminology, the nodes at which two or more de- 
vices join are called buses. In PowerWorld think lines usually represent buses; 
the bus voltages are shown in kilovolts (kV) in the fields immediately to the 
right of the buses. In addition to voltages, power engineers are also concerned 
with how power flows through the system (the solution of the power flow 
problem is covered in Chapter 6, Power Flows). In PowerWorld, power flows 
can be visualized with arrows superimposed on the generators, loads, aud 
transmission lines. The size and speed of the arrows indicates the direction of 
flow. 

One of the unique aspects of PowerWorld is its ability to animate 
power systems. To start the animation, select Simulation from the main 
menu, the select Solve and Animate (1.e., Simulation, Solve and Animate). The 
one-line should spring to life! While the one-line is being animated you can 
interact with the system. Figure 1.6 represents a simple power system in 
which a generator is supplying power to a load through a 16 kV distribution 
system feeder. The solid red blocks on the line and load represent circuit 
breakers. To open a circuit breaker simply click on it. Since the load is series 
connected to the generator, clicking on any of the circuit breakers isolates the 
Joad from the generator resulting in a blackout. To restore the.system click 
again on the circuit breaker to close it and then again select Simulation, Solve 
and Animate. To vary the load click on the up or down arrows between the 
load value and the “MW” field. Note that because of the impedance of the 
line, the load’s voltage drops as the load is increased. 

You can view additional information about most of the elenients on the 
one-line by right-clicking on them. For example right-clicking on the genera- 
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tor symbol brings up a local menu of additional information about the gen- 
erator, while right-clicking on the transmission line brings up local menu of 
information about the line. The meaning of many of these fields will become 
clearer as you progress through the book. To modify the display itself simply 
right-click on a blank area of the one-line. This displays the one-line local 
menu. Select Oneline Display Options to display the Oneline Display Options 
Dialog. From this dialog you can customize many of the display features. 
For example, to change the animated flow arrow color select the “Animated 
Flows” from the options shown on the left side of the dialog. Then click on 
the green colored box next to the “Actual MW” field (towards the bottom of 
the dialog) on tbe to change its color. There are several techniques for pan- 
ning and/or zooming on the one-line. One method to pan is to press the key- 
board arrow keys in the direction you would like to move. To zoom just hold 


. down the Ctrl key while pressing the up arrow to zoom in, or the down arrow 


to zoom out. Alternatively, you can drag the one-line by clicking and holding 
the left mouse button down and then moving the mouse—the one-line should 
follow. To go to a favorite view, from the one-line local menu select the Go 
To View to view a list of saved views. 

If you would like to retain your changes after you exit PowerWorld you 
need to save the results. To do this select File, Saye Case As and then enter a 
different file name so as to not overwrite the initial case. One important note: 
PowerWorld actually saves the information associated with the power system 
model itself in a different file from the information associated with the one- 
line. The power system model is stored in *.pwb files (PowerWorld binary 
file) while the one-line display information 1s stored in *.pwd files (Power- 
World display file). For all the cases discussed in this book, the names of 
both files should be the same (excepting the different extensions). The reason 
for the dual file system is to provide flexibility. With large system models, it is 
quite common for a system to be displayed using multiple one-line diagrams. 
Furthermore, a single one-line diagram might be used at different times to 
display information about different cases. | 


PowerWVorld Simulator—Edit Mode 


PowerWorld has two major modes of operations. Tbe Run Mode, which was 
just introduced, is used for running simulations and performing analysis. The 
Edit Mode, which is used for modifying existing cases and building new 
cases, 1s introduced in this example. To switch to the Edit Mode click on the 
Edit Mode button in the top center of the display. We'll use the edit mode to 
add an additiona] bus and load as well as two new lines to the system given 
in Example 1.1. 

When switching to the Edit Mode, notice that the main menu changes 
slightly, several new toolbars appear, and that the one-line now has a super- 
imposed grid to help with alignment (the grid can be customized using the 


FIGURE [1.7 


Example 1.2—Edit 
Mode view with new bus 
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Grid/Highhght Unlinked options category on the Oneline Display Options 
Dialog). In the Edit Mode, we will first add a new bus to the system. This can 
be done graphically by first selecting Insert, Bus and then moving the mouse 
to the desired one line location and clicking (hote the Insert menu is only 
available in the Edit Mode). Tbe Bus Options dialog then appears. This dia- 
log is used to set the bus parameters. For now leave all the bus fields at their 
default values, except set Bus Name to “Bus 3" and set the nominal voltage 
to “16.0: note that the number for this new bus was automatically set to the 
one greater than the highest bus number in the case. The one-line should look 
similar to Figure 1.7.: You may wish to save you case now to avoid losing 
your changes. 

By default, In. a new bus is inserted a “bus field" is also inserted. Bus 
fields are used to show information about buses on the one-lines. In this case 
the new field shows the bus name, although initially in rather small fonts. To 
change the field's font size click on the field to select it, and then select For- 
mat, Font to display the Font dialog. To make it easier to see, change the 
font's size to a larger value. Since we would also like to see the bus voltage 
magnitude, we need to add an additional bus field. Select Insert, Field, Bus 
Field and then click near bus 3. This displays the Bus Field Options dialog. 
Make sure the bus number is set to 3, and that the “Type of Field" is Bus 
Voltage. Again resize with the Format, Font dialog. 
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Next, we'll insert some load at bus 3. This can be done graphically by 
selecting Insert, Load, and then clicking on bus 3. The Load Options dialog 
then appears, allowing you to set the load parameters. Note that the load was 
automatically assigned to bus 3. Leave all the fields at their default values, 
except set the orientation to "Down", and enter 5.0 in the Constant Power 
column MW Value field: As the name implies, a constant power load treats 
the load power as being independent of bus voltage; constant power loads 
models are commonly used in power system analysis. By default PowerWorld 
“anchors” each load symbol to its bus. This is a handy feature when chang- 
ing a drawing since when you drag the bus the load and all associated fields 
move as well. Note that two fields showing the load's real (MW) and reactive 
(Mvar) power were also auto-insertéd with the load. Since we won't be need- 
ing the reactive right now, select this field and then select Edit, Delete to 
remove it. You should also resize the MW field using the Format, Font 
command, | 

Now we need to join the bus 3 load to the rest of the system. We'll 
do this by adding a line from bus 2 to bus 3. Select Insert, Transmission Line 
and then click on bus 2. This begins the line drawing. During line drawing 
PowerWorld adds a new !ine segment for each mouse click. After adding 
several segments place the cursor on bus 3 and double-click. Tbe Transmis- 
sion Line/Transformer Options dialog appears allowing you to set the line 
parameters. Note that PowerWorld should have auto set the “from” and 
“to” bus numbers based upon the starting and ending buses (buses 2 and 3). 
If these values have not been set automatically then you probably did not 
click exactly on bus 2 or bus 3; manually enter tbe values. Next, set the line's 
Series Resistance (R) field to 0.3, the Series Reactance (X) field to 0.6, and 
the MVA Limits Limit A field to 20 (the details of transformer and transmis- 
sion line modeling is covered in Chapters 3 through 5). Select OK to close the 
dialog. Note that Simulator also auto-inserted two circuit breakers and a 
round “pie chárt" symbol. The pie charts are used to show the percentage 
loading of the line. You can change the display size for these objects by right- 
clicking on them to display their option dialogs. 


PowerW orld Simulator—Run Mode . 


Next, we need to switch back to Run Mode to animate the new system de- 
veloped in Example 1.2. Click on the Run Mode button and then select Sim- 
ulation, Solve and Animate to start the simulation. You should see the arrows 
flow from bus 1 to bus 2 to bus 3. Note that the total generation is now about 
10.4 MW, with 10 MW flowme to the two loads and 0.4 MW lost to the wire 
resistance. To add the load variation arrows to the bus 3 load click on the 
load MW field (not the load arrow itself) to display the field's local menu. 
Select Load Field Information Dialog to view the Load Field. Options dialog. 
Set the “Delta per Mouse Click" field to “1.0”, which will change the load 
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by one MW per click on the up/down arrows. You may also like to set the 
“Digits to Right of Decimal” to 2 to see more digits in the load field. Be sure 
to save your case. The new system now has one generator and two loads. The 
system is still radia], meaning that a break anywhere on the wire Joining bus 
| to bus 2 would result in a blackout of all the loads. Radial power systems 
are quite common in the lower voltage distribution systems. At higher volt- 
age levels, networked systems are typically used. In a networked system, each 
load has at least two possible sources of power. We can convert our system to 
a networked system sumply by adding a new line from bus 1 to bus 3. To do 
this switch back to Edit Mode and then repeat the previous line insertion 

. process except you should start at bus 1 and end at bus 3; use the same line 
parameters as for the bus 2 to 3 line. Your final system should look similar to 
the system shown in Figure:1.8. Note that now you can open any single line 
and still supply both loads—a nice increase in reliability! 

With this introduction you now have the skills necessary to begin using 
PowerWorld to interactively learn about power systems. If you'd like to take 
a look at some of the larger systems you'll be studying, open PowerWorld 
case Example 6.13. This case models a power system with 37 buses. Notice 
that when you open any line m tbe system the flow of power immediately re- 
distributes to continue to meet the total load demand. 
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FUNDAMENTALS 


The objective of this chapter is to review basic concepts and establish termi- 
nology and notation. In particular, we review phasors, instantaneous power, 
complex power, network equations, and elementary aspects of balanced three- 
phase circuits. Students who have already had courses in electric network 
theory and basic electric machines should find this chapter to be. primarily re- 
fresher material. 
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CASE STUDY 


The following article describes the recent penetration of distributed generation into 


electric utility generation markets and forecasts of distributed generation market growth. 
Throughout most of the twentieth century, electric utility companies built increasingly 
larger generating plants, primarily hydro or thermal (using coal, gas, oil, or nuclear fuel) 
that connected to transmission systems. At the end of the twentieth century, following 
the ongoing deregulation of the electric utility industry with increased competition in the 
United States and in other countries, smaller generation sources that connect directly to 
distribution systems have emerged. Distributed generation sources include renewable 
technologies (including geothermal, ocean tides, solar, and wind) and nonrenewable 
technologies (including internal combustion engines, combustion turbines, combined cycle, 


microturbines, and fuel cells) [5]. 


Distributed Generation: Semantic Hype 
or the Dawn of a New Era? 


HANS B. PUTTGEN, PAUL R. MACGREGOR, 
AND FRANK C. LAMBERT 


As the electric utility industry continues to re- 
structure, driven both by rapidly evolving regulatory 
environments and by market forces, the emergence 
of a number of new generation technologies also 
profoundly influences the industry's outlook. While 
it is certainly true that government public policies 
and regulations have played a major role in the rap- 
idly growing rate at which distributed generation is 
penetrating the market, it is also the case that a 
number of technologies have reached a develop- 
ment stage allowing for large-scale implementation 
within existing electric utility systems. 

At the onset of any discussion related to dis- 
tributed generation, one question begs to be an- 
swered: ls the fact that electric power producing 
facilities are distributed actually a new and revolu- 
tionary concept? Have power plants not always 
been located across broad expanses of land? The 
answer to these questions clearly is that electric 
power plants have always been sited all across the 
service territories of the utilities owning them. 
Hence, the opening question: As with many so- 
called innovations that have been put forward dur- 
ing the recent past, is the entire concept of dis- 


("Distributed Generation: Semantic Hype or ..." by Hans B. 
Püttgen, Paul R MacGregor, and Frank C. Lambert, IEEE 
Power & Energy (Jan/Feb 2003) pg. 22-29.) 


tributed generation a simple semantic marketíng 
hype or are we actually at the dawn òf a new elec- 
tric power generation era? We believe that a new 
electric power production industry is emerging, and 
that it will rely on a broad array of new tech- 
nologies. This article sets the stage for further cov- 
erage of distributed generation to appear in future 
issues of [EEE Power & Energy Magazine. 


PRESENT POWER PRODUCTION 
SITUATION 


Since the beginning of the twentieth century, the 
backbone of the electric power industry structure 
has been large utilities operating within well-defined 
geographical territories and within local market 
monopolies under the scrutiny of various regulatory 
bodies. Traditionally, these utilities own the genera- 
tion, transmission, and distribution facilities within 
their assigned service territories; they finance the 
construction of these facilities and then incorporate 
the related capital costs in their rate structure 
which is subsequently approved by the relevant 
regulatory bodies. fhe technologies deployed and 
the siting of the new facilities are generally also 
subject to regulatory approval. 

Three major types of power plants have been 
constructed primarily: 


TABLE | 

Region Thermal 
North America 642 
Central and South America 64 
Western Europe 353 
Eastern Europe and former USSR 298 
Middle East 94 
Africa 73 
Asia and Oceania 65l 
Total 2,175 
Percentage 66.6 


* hydro, either run-of-the-river facilities or var- 
ious types of dams 

* thermal, using either coal, oil, or gas 

* nuclear. 


Until the end of the twentieth century, other 
generation technologies only had an incidental im- 
pact. 

Table | shows the installed capacities on a 
worldwide basis at the end of the twentieth century. 

As we look into the future, all three technologies 
mentioned above have their own sets of problems 
associated with them: 


* Given their friendly environmental impact, hy- 
dro power plants are most often the preferred 
generation technology wherever and whenever 
feasible. However, the identification of feasible 
new sites in highly industrialized countries is 
becoming increasingly difficult. In highly devel- 
oped countries, where the cost-attractive tra- 
ditional hydro facility sites have been almost 
entirely built, some power plants could be, and 
are, reconfigured to become pumped-storage 
facilities. On the other hand, while hydro elec- 
tric power production is saturating within in- 
dustrialized countries, it represents very signif- 
icant development opportunities in several 
developing regions of the world. While hydro 
power plants do not create any pollution re- 
lated to their daily operation, they do bring 
significant environmental and often societal up- 
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Worldwide installed capacity (GW) by | January 2000. (Source: Energy Information Administration.) 
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heaval when they are constructed. Recently 
completed facilities or on-going construction 
projects in South America and Asia have been, 
and remain, at the center of controversies that 
go far beyond the national boundaries of their 
home nations. 

Even though several pollution-abatement tech- 
nologies are being successfully implemented, 
often at significant capital and operational costs, 
fossil fuel thermal power plants bring operating 
pollution problems that are becoming increas- 
ingly difficult to ignore. The emergence of a 
broad array of "green power” marketing ini- 
tiatives provides yet another indication of the 
growing concern regarding air pollution. While 
some parts of the world have significant coal 
reserves, a growing concern is the depletion of 
the world's increasingly scarce oil and gas re- 


serves for the purpose of electricity produc- 


tion. Future generations will most probably 
need our remaining carbon resources to fulfill 
materials production requirements as opposed, 
to as a raw energy source. 

Except for a few economically emerging regions 
of the world, it is safe to observe that nuclear 
power production, using existing technologies, 
will decrease during the coming decades as old 
plants are retired and are not being replaced. 
Several European countries, such as Germany 
and Sweden, have enacted laws to accelerate 
the decommissioning of existing nuclear power 
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plants. However, emerging technologies, such 
as the pebble bed technology, which allow for a 
highly standardized manufacturing of the power 
plants with modular installed capacities, may 
revive the nuclear power industry as will most 
probably be required within any generation mix 
that is free of fossil fuels. 


As the technologies evolved, ever larger power 
production units were constructed allowing their 
operators to take full advantage of construction- 
cost economies of scale to provide a more cost- 
attractive generation mix to their customers. How- 
ever, siting these ever larger facilities has become 
increasingly difficult. Hydro facilities must be sited as 
dictated by geography, even if this means displacing 
very large population centers and/or permanently 
and seriously affecting the local ecology. Since it is 
more convenient to transport energy in its electric 
form, fossil thermal plants are generally sited either 


close to raw fuel sources or to fuel conversion/: 


treatment facilities. The pollution concerns men- 
tioned earlier dictate their siting far away from 
population centers. A broad range of environmental 
concerns mandate that nuclear power plants be lo- 
cated far away from population centers. 

These siting issues, as well as the need to share 
these large power production facilities within a for- 
malized market structure, have required the con- 
struction of large, complex, and capital-intensive 
electric power transmission networks. These trans- 
mission networks have become an increasing source 
of concern as their sustained development becomes 
a problem from a right-of-way point of view and as 
their economic operation comes in limbo under a 
reregulated electric utility industry. Ecological and 
environmental protection concerns, as well as po- 
litical pressure, also often mandate that new trans- 
mission facilities be constructed underground, 
which even further compounds the issue by impos- 
ing often unbearable construction cost impediments. 

As the industry enters the competitive arena, 
fewer and fewer corporations are capable of taking 
on the financing of the construction of large electric 
power plants at costs far exceeding a billion dollars. 
Under the present economic and investment cli- 


mate, with its almost exclusive focus on short-term 
results, the justification of a multibillion dollar in- 


.vestment with a'pay-back period measured in de- 


cades has become virtually impossible. In several 
industrialized countries, aggressive public policies 
backed by strict regulatory mandates are such that 
electric power production within the confines of 
vertically integrated utilities has most probably been 
relegated to the past, while a true highly diversified 
electric power production industry is the future. 


WHAT IS DISTRIBUTED GENERATION? 


Before launching into an overview of distributed 
generation, it is appropriate to put forward a defi- 
nition or at least an operational confine related to 
distributed generation. It is generally agreed upon 
that any electric power production technology that 
is such that it is integrated within distribution sys- 
tems fits under the distributed generation umbrella. 
The designations “distributed” and “dispersed” are 
used interchangeably. 

One can further categorize distributed genera- 
tion technologies as renewable and nonrenewable. 
Renewable technologies include: 


* solar, photovoltaic or thermal 
* wind 

* geothermal 

* ocean. 


Nonrenewable technologies include: 


* internal combustion engine, ice 
* combined cycle 

* combustion turbine 

* microturbines 

* fuel cell. 


Distributed generation should not to be confused 
with renewable generation. Distributed generation 
technologies may be renewable or not; in fact, some 
distributed generation technologies could, if fully 
deployed, significantly contribute to present air pol- 
lution problems. 

The increased market penetration of distributed 
generation has also been the advent of an electric 
power production industry. Many, if not most, of 


the players in this industry are not the traditional 
electric utilities; in fact, several of these new players 
actually are spin-offs of the traditional utilities. Elec- 
tric power production facilitias that do not belong 
to electric utilities are referred to as nonutility gen- 
erators (NUGs). The rapid emergence of NUGs is 
illustrated by the fact that, starting during the early 
1990s, more generation capacity is added each year 
in the United States by NUGs than by traditional 
electric utilities. NUGs represented 5% of the in- 
stalled generation capability in the United States at 
the beginning of the 1990s; by the end of the de- 
cade, the proportion had grown to 20% as it grew 
from less that 40 GW to more than 150 GW. These 
statistics also take into account the fact that several 
large electric utilities have actually spun off their 
generation capabilities within separate corporate 
entities, while they have remained as what has now 
been referred to as "wire companies." 


CAPABILITY RATINGS AND SYSTEM 
INTERFACES 


While future issues of JEFE Power & Energy Magazine 
will focus on specific distributed generation tech- 
nologies, it is useful to broadly mention the range of 
capabilities for the various technologies generally 
faling under the distributed generation category 
(Table 2). The electric power network ínterface, 
which plays a major role when considering the net- 
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work operation aspects related to dispersed gener- 
ation, is also listed in Table 2. 


MARKET PENETRATION 


While reliable and representative historic data are 
difficult to produce, distributed generation market 
penetration is expected to increase dramatically 
during the next few years (Figure 1). 

Leading manufacturers, market research orga- 
nizations, and consulting entities of the industry 
project that the distributed generation market will 
be between US$!0 and 30 billion by the year 2010. 
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Figure | 

Distributed generation market growth. (Source: Merrill 
Lynch and the U.S. Energy Information Agency (EIA), 
January 2001.) 


TABLE 2 Distributed generation capabilities and system interfaces. 


Technology 


Solar, photovoltaic 


Wind A few hundred W to a few MW 
Geothermal A few hundred kW to a few MW 
Ocean A few hundred kW to a few MW 


ICE A few hundred kW to tens of MW 
A few tens of MW to several hundred 


Combined cycle 
MW 

Combustion turbine 

Microturbines 

Fuel cells 


Typical Capability Ranges 
A few W to several hundred kVV 


A few MW to hundreds of MW 
A few tens of kW to a few MW 
A few tens of kW to a few tens of MW 


Utility Interface 


dc to ac converter 

asynchronous generator 
synchronous generator 
four-quadr. synchronous machine 
synchr. generator or ac to ac converter 
synchronous generator 


synchronous generator 
ac to ac converter 
dc to ac converter 
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Since another article is this issue of IEEE Power & 
Energy Magazine is on green power, the following 
discussion focuses on three nonrenewable tech- 
nologies that have significant immediate or short- 
term potential. 


Internal combustion engine generators 

At the present time, the predominant distributed 
generation technology is represented by internal 
combustion engines (ICE) driving standard electric 
generators. By 1996, over 600,000 units were in- 
stalled in the United States with a combined installed 
capacity exceeding 100,000 MW. While the unit 
sizes ranged from a few kW to well over several 
MW, almost 7076 of all units had installed capacities 
ranging from 10 to 200 kW. The vast majority of 
these units were installed to serve as backup gen- 
erators for sensitive loads (such as special manu- 
facturing facilities, large information processing cen- 
ters, hospitals, airports, military installations, large 
office towers, hotels, etc.) for which long-duration 
energy supply failures would have catastrophic con- 
sequences. 

These units represent a significant potential en- 
ergy production resource in view of their very low 
load cycles. Several corporations, including existing 
utilities, are starting to offer remote management 
servíces for these units such that they can become 
revenue sources for their owners. While such in- 
creased energy production using backup ICE gen- 
erators would enable delaying construction of new 
generation capacity, such utilization of engine gen- 
erators creates location-specific environmental is- 
sues associated with the equipments operational 
characteristics as well as potential utility inter- 
connection issues. 

Specifically, engine generators feature high levels 
of NO, emissions and represent a potential noise 
nuisance to their immediate surroundings. While 
noise abatement materials and enclosures may be 
applied at fairly low costs to address the latter issue, 
the remedies for NO, emissions, such as selective 
catalytic reduction (SCR), are quite expensive. The 
capital cost of adding. an SCR system to an engine 
generator can double its installed cost. The sheer 
size of the SCR system can make the installation in- 





550 kW internal combustion engine generator installed in 
the basement of an office building. Cooling is on the far 
right; the engine is in the middle with the generator on 
the left with the control module on the far left. The 
vertical exhaust ís in the middle. 


feasible for many existing engine generators located 
in restrictive building enclosures. 

From an electric utifity perspective, as potential 
incremental generation capacity, distributed engine 
generators, with their low installed costs and fairly 
high operational costs, represent super-peaking ca- 
pacity that could be economically dispatched, albeit 
only a few hundred hours per year. Under such 
peaking operational scenarios, the total contribution 
of NO, emissions by engine generators, as a per- 
centage of the total from all generation, would be 
fairly low. The deployment of this large and un- 
tapped peak generation capacity presently is largely 
prohibited in most industrialized countries by exist- 
ing environmental protection regulations, Since this 
significant generation capacity is already installed, its 
release could be almost immediate after regulatory 
relief is promulgated. 

With regards to potential utility interconnection 
issues, most existing engine generators are sized to 
provide power to critical and emergency loads only, 
i.e., only to a fraction of the total on-site load. These 
engine generators, when operated during non- 
emergencies, would only be reducing on-site peak 
demand, and the supply requirements from the util- 


ity system and generally would not be injecting 
power back into the utility network. With proper 
switchgear and breaker configurations, these engine 
generators may be operated in parallel with the local 
electric utility system without significant implications 
to the utility system operation or personnel safety. 


Fuel cells 

Fuel cells probably represent the power production 
technology receiving the most development atten- 
tion. Each individual fuel cell consists of an electro- 
lyte that is “sandwiched” between fuel and oxidant 
' electrodes. The fuel typically is hydrogen and the 
oxidant typically is oxygen. The fuel cell produces 
electricity directly by way of various chemical re- 
actions without an intermediate conversion into 
mechanical energy. While some particular applica- 
tion fuel cells directly use hydrogen as the raw 
source of energy, the hydrogen fuel is typically ex- 
tracted from some farm of fossil fuel. 

Individual fue) cells are combined in various se- 
ries and parallel configurations to constitute a fuel 
cell system. The fuel cell systém, which produces dc 
electricity, is connected to the local utility system by 
way of a power electronic dc to ac converter. 





Five 200 kW fuel cells. (Courtesy UTC Fuel Cells.) 


Fuel cells are developed for both mobile and 
stationary applications. The mobile applications are 
already being deployed for buses and are in various 
experimental stages for automobiles, Stationary sys- 
tems are being installed in residential and commer- 
cial applications in the United States and Europe. 
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The major types of fuel cells are designated by 
the type of electrolytes used. 


* Alkaline fuel cell (AFC): This is one of the ear- 
liest fuel cell technologies that has been suc- 
cessfully deployed during many NASA shuttle 
missions. AFCs use a liquid solution of potas- 
sium. hydroxide as the electrolyte with an op- 
erating temperature of 70-90 °C. The lower 
operating temperature ‘facilitates rapid startup 
of the unit. One of the major disadvantages of 
this technology is its intolerance of CO, and 
the requirement to install expensive CO; 
scrubbers. 

Polymer electrolyte membrane or proton ex- 
change membrane (PEM): This fuel cell tech- 
nology utilizes a solid polymer as the electro- 
lyte. The polymer is an excellent conductor of 
protons and an insulator of electrons; it does 
not require liquid management. This unit fea- 
tures a low operating temperature of 70—90 
°C, which facilities rapid startup. The PEM fuel 
cell has a high power density and is a leading 
candidate for portable power, mobile, and res- 
idential sector applications. 

-Solid oxide fuel cell (SOFC): A solid .ceramic 
material is used for the electrolyte at operating 
temperatures of 600—1,000 °C. This high op- 
erating temperature, while hampering rapid 
startup as required for most mobile applica- 
tions, helps to increase the efficiency and frees 
up the SOFC to use a variety of fuels without a 
separate reformer. This technology is primarily 
targeted at medium and large-scale stationary 
power. generation applications. 

Molten carbonate fuel cell (PAFC): A molten 
carbonate salt mixture is used for the electro- 
lyte and requires operating temperatures of 
600—!,000 °C. This technology is targeted at 
medium- and large-scale stationary power gen- 
eration applications. 

Phosphoric acid’ fuel cell (PAFC): A liquid 
phosphoric acid contained in a Teflon matrix is 
used as the electrolyte for. these fuel cells. The 
operating temperature is 175—200 °C to facili- 
tate the removal of water from the electrolyte. 
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This technology is very tolerant to impurities in 
the fuel stream and is the most mature in terms 
of system development and commercialization. 
Over 200 stationary units with a typical capac- 
ity of 200 kW have been installed in the United 
States. 


Microturbines 

Microturbines are essentially very small combustion 
turbines, individually of the size of a refrigerator, 
that are often packaged in multiunit systems. In most 
configurations, the microturbine is a single-shaft 
machine with the compressor and turbine mounted 
on the same shaft as the electric generator. With a 
single rotating shaft, gearboxes and associated parts 
are eliminated, helping to improve manufacturing 
costs and operational reliability. The rather high ro- 
tational speeds vary in the range from 50,000 to 
120,000 rpm, depending on the output capacity of 
‘the microturbine. This high-frequency output is first 
rectified and then converted to 50 or 60 Hz. 

Despite lower operational. temperatures than 
those of combustion turbines, microturbines pro- 
duce energy with efficiencies in the 25 to 3076 range. 
These efficiencies are made possible by deploying, 
for example, a heat recuperation system that trans- 
fers waste heat energy from the exhaust stream 
back into the incoming air stream. The generator is 
cooled by airflow into the turbine, thereby elimi- 
nating the need for liquid cooling equipment and 
associated auxiliary power requirements. Some mi- 
croturbines use air bearings, thereby eliminating the 
need for oil systems and their associated power re- 
quirements. 

Microturbines are capable of burning a number 
of fuels at high- and low-pressure levels, including 
natural gas, waste (sour) gas, landfill gas, or propane. 
Regardless of the fuel, microturbines have demon- 
strated that they feature very low air pollution 
emissions, particularly NO, emissions, at about |/ 
I QOth of the level of diesel-fired ICEs. Microturbines 
emit significantly lower noise levels and generate far 
less vibration than ICEs. 

Two primary concerns are associated with mi- 
croturbines that could impact their rate of market 
adoption: capital cost and equipment lifetime. Spe- 
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Figure 2 
Microturbine sales growth. (Source: Primen, January 
2001.) 


cifically, the capital cost of a microturbine, on a per 
installed kW basis, can be several times that of an 
ICE, and the projected equipment life time, mea- 
sured in operational hours before replacement, is 
several times shorter than for an ICE. The combined 
result of these impediments. is a significantly higher 
life cycle cost compared to other distributed gener- 
ation technologies, such as ICEs. | 
Nevertheless, microturbine sales, driven by envi- 


“ronmental concerns and niche applications such as 


landfills, have been: increasing dramatically since the 
commercial introduction of a 30 kW model in 1999 - 


(Figure 2). 


POTENTIAL GENERATION MIX ISSUES 


When considering'a significant market penetration 
of distributed generation technologies, it is impor- 
tant to keep in mind that several of them, such as 
solar and wind, are not dispatchable by man. The 
generation mix issue is likely to first come to a head 
in conjunction with wind power, which is rapidly 
being developed in several countries around the 
world. Among the leading countries are: Germany, 
United States, Spain, Denmark, and India. Some 
1,600 MW of wind power were installed in the 
United States in 2001, with the state of Texas lead- 
ing the way; Texas is forecasting that over 10% of its 
electricity demand will be supplied by wind power 
by the year 2010. Germany, which presently has 


over 11,000 MW of installed wind power, is putting 
increased emphasis on the technology as its 


socialist-green party coalition seeks to curtail and 
eventually eliminate its nuclear power production 
facilities. 





‘CAPSTONE TURBINE CORP. 


30 kW microturbine. (Capstone Turbine Corp.) 


The Danish wind power situation is particularly 
interesting. While Germany, the United States, and 
Spain each have more installed wind power capacity, 
Denmark leads the pack in terms of relative market 
penetration. In. 1996, the Danish government set 
forth a national energy long-range plan that called 
for 1,500 MW of installed wind power by the year 
2005; this goal was already reached by the end of 
the year 1999, By the year 2030, wind power is ex- 
pected to reach 5,500 MW, such that 50% of the 
electricity demands will be satisfied using wind 
power. Since Denmark does not have a lot of unin- 
habited land and since the available land is precious 
for agricultural endeavors, most of the new wind 
power capacity is added by way of wind farms in- 
stalled at sea. Such installations at sea, while bringing 
significant challenges in terms of underwater cable 
systems, partially alleviate the environmental con- 
. cern of noise. 

Two major problems have to be addressed when 


Such aggressive goals are set for nondispatchable. 


distributed generation, such wind power production: 


* Wind power is very cyclical and also unpre- 
dictable. Stand-by energy must be available 
"when wind energy is not available. Such stand- 
by energy can either be provided by near-by 
systems, such as Germany or Sweden in the 
case of Denmark, or by other energy storage 
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technologies. Germany is also rapidly develop- 
ing its wind power capabilities while curtailing 
its thermal production facilities; the same is 
true for Sweden. Denmark's geography is such 
that the construction of pumped-storage hydro 
facilities is unrealistic. As a result, Denmark 
may have to revise downward its ambitious 
wind power plans due to the lack of available 
backup energy resources. 

Wind generators overwhelming feature 
induction-asynchronous generators. While 
these machines are particularly well suited to 
the variable speed nature of wind machines, 
they can not operate without reactive power 
support from the network to which they are 
connected. As a result, the Danish utilities are 
faced with significant reactive power support 
issues which will only become worse as wind 
power penetration increases. 


NETWORK CONSIDERATIONS 


Distributed generation technologies are over- 
whelmingly connected to existing electric power 
delivery systems at the distribution level. One of 
their significant benefits is that they are modular 
enough to be conveniently integrated within electric 
distribution systems, thereby relieving some of the 
necessity to invest in transmission system expan- 
sion. | 

However, significant penetration within existing 
electric distributíon systems is not without a new 
set of problems. The following are among the key 
issues that must be addressed. 


Power quality 

Several of the distributed generation technologies 
rely on some form of power electronic device in 
conjunction with the distribution network interface, 
be it ac-to-ac or dc-to-ac converters. All of these 
devices inject currents that are not perfectly sinus- 
oidal. The resulting harmonic distortion, if not 
properly contained and filtered, can bring serious 
operational difficulties to the loads connected on 
the same distribution system. Existing standards 
have been enacted to limit the harmonic content 
acceptable in conjunction with various power elec- 


40 CHAPTER 2 FUNDAMENTALS 


tronic loads; similar standards are required for dis- 
tributed generation systems and are under various 
stages of preparedness. 


Reactive power coordination 

Distributed generation, implemented at the distri- 
bution level, i.e, close to the load, can bring signifi- 
cant relief to the reactive coordination by providing 
close proximity reactive power support at the dis- 
tribution level, provided the proper network inter- 
face technology is used and that proper system 
configuration has taken place. However, wind gen- 
eration actually contributes to worsen the reactive 
coordination problem. Most wind generators fea- 
ture asynchronous induction generators that are 
ideally suited to the variable speed characteristics of 
wind machines but that must rely on the network to 
which they are connected for reactive power sup- 
port. 


Reliability and reserve margin 

Several distributed generation technologies are such 
that their production levels depend on mother na- 
ture (wind and solar) or are such that their avail- 
ability is subject to the operational priorities of their 
owners, The requirement to use - sophisticated 
power electronic network interfaces may affect the 
plant's availability. As a result, the issue of reliability 
comes to the forefront along with the necessity to 
maintain sufficient generation reserve margins. Tra- 
ditionally, the vertically integrated utility was also 
responsible for the availability of sufficient reserve 
margins to ensure adequate system reliability. Under 
a highly distributed generation ownership scenario, 
assignment of reserve margin maintenance íncreas- 
ingly will become a problem unless a market-driven 
solution is put forward. 


Reliability and network redundancy 

Most electric distribution systems feature a radial 
network configuration as opposed to the meshed 
structure adopted at transmission levels. As a result, 
network redundancy becomes an issue when signif- 
icant distributed generation is connected directly to 
distribution systems since single line outages could 
completely curtail the availability of generation fa- 
cilities. 


Safety 

Distribution system protection schemes typically 
are designed to rapidly isolate faults occurríng either 
at load locations or on the line itself. The assump- 
tion is that, if the distribution line is disconnected 
somewhere between the fault and the feeding 
substation, then repair work can safely proceed. 
Clearly, if distributed generation is connected on 
the same distribution feeder, then significantly more 
sophisticated protective relaying schemes must be 
designed and implemented to properly protect not 
only the personnel working on the lines but also the 
loads connected to them. 


Accountability 

A daunting problem is looming over the "brave new 
electric utility industry" in its restructured configu- 
ration: Who will the customer call when the lights 
go out? The local "wire company" might arguably 
answer, "my wires are just fine, thank you." The 
existence of focal transmission company may not 
even be known by the end-user. The power pro- 
ducer might arguably respond, "please refer your 
inquiry to your local wire company, with which we 
have a service contract." The resolution of this 
all-important question is still very much open for 
debate. 


PUBLIC POLICY AND REGULATORY IMPACT 


While it is not our intent to revisit the varíous reg- 
ulatory environments that are driving the electric 
utility industry, it is worth summarizing their overall 
framework. The actual implementation of public 
policy varies from one country to another; how- 
ever, the overall philosophies of these public poli- 
cies share several common goals and outcomes. 
Overall, the impetus of these policies are such that 
they: 


* Aim to create a competitive environment 
where the customer will eventually have a 
choice between several electric energy pro- 
viders. The rate at which competitive markets 
are opened up varies significantly from one 
country to the next and even from one region 
to the next within a particular country. 


* Aim to encourage the broad access to the 
electric power production arena by a wide 
range of players, particularly nonutility entities. 
These policies have often resulted in the launch 
of corporations that own electric power pro- 
duction facilities all round the world as if they 
were any other type of production facility. 
Often result in the creation of electric utilities 
that only own and operate electric power de- 
livery systems. These wire companies sell their 
services to the power producing corporations 
to enable the delivery of electric energy be- 
tween them and their customers using the wire 
company infrastructure. 


the transmission systems are increasingly in 
limbo between production companies and dis- 
tribution companies. 


Public policies and regulations are often different 
from one region of a country to another. Such lack 
of uniformity does not facilitate the penetration of 
new generation technologies. As some of the early 
and more aggressive deregulation experiments, 
which should be more appropriately referred to as 
“reregulation” experiments, have failed, they are 
being reconsidered by the legislatures having en- 
acted them and by the regulators tasked with en- 
forcing them. Such “time-of-the-day” public policies 
and regulations also represent a manor hindrance to 
accelerated distributed generation market penetra- 
tion. 

It is important not to overlook the tax incentive 
impact on the development of emerging dispersed 
generation technologies. In some instances, such 
as photovoltaics and, to some extent, wind power, 
the construction and subsequent operation of dis- 
tributed generation facilities are almost entirely 
driven by tax incentives, which often vary signifi- 
cantly from one region to the next and from one 
year to the next. They generally are provided at two 
levels: 


* Construction tax incentives, either in the form 
of an upfront grant or in the form of ac- 
celerated depreciation schedules. In some 
extreme, although rare, occasions, new gener- 


Have, in effect, resulted in a situation in which - 
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ation facilities have been constructed to harvest 
the tax incentives and then almost never oper- 
ated. 

Operational tax incentives, generally in the 
form of revenue tax abatements. In some oc- 
casions, distributed generation facilities have 
ceased operation only a few short years after 
construction as the tax incentive structure has 
changed. 


STANDARDS 


Important and mission-critical work is on-going in 
the standards arena under the umbrella of the IEEE 
Standard for interconnecting Distributed Resources with 
Electric Power Systems (IEEE Standard P1547). The 
tenth draft of the standard was balloted recently, 
with an overwhelmingly positive affirmative out- 
come. Ít is expected that the IEEE Standards Board 
will approve the document in early 2003, which 
would represent a major milestone in the develop- 
ment of distributed generation. 

Three working groups are developing companion 
standards and guides as follows: 


* IEEE Standard for Conformance Test Procedures 
for Equipment Interconnecting Distributed Re- 
sources with Electric Power Systems (IEEE Stan- 
dard PI547.1) will provide manufacturers and 
users with a common set of test procedures to 
verify that the equipment to be deployed will 
meet the requirements of IEEE Standard 1547. 
This incíudes type, production, and commis- 
sioning tests to provide repeatable results, ín- 
dependent of test location, and flexibility to 
accommodate a variety of distributed resources 
technologies. 

IEEE Applications Guide for Interconnecting Dis- 
tributed Resources with Electric Power Systems 
(IEEE Standard P1547.2) will provide the tech- 
nical background and application details to sup- 
port the understanding of IEEE Standard 1547. 
The background and rationale of the technical 
requirements will be discussed in terms of the 
operation of the distributed resource inter- 
connection with the electric power systemi. 
This document will include technical descrip- 
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tions as well as schematics, applications guid- 
` ance, and interconnection examples to enhance 
the use of IEEE Standard 1547. 
IEEE Guide for Monitoring, Information Exchange, 
and Control of Distributed Resources with Electric 
Power Systems (IEEE Standard P1547.3) will fa- 
cilitate the interoperability of one or more 
distributed resources interconnected with the 
electric power system. It will describe func- 
tionality, parameters, and methodology for 
monitoring, information exchange, and control 
for the interconnected distributed resources 
with, or associated with, electric power sys- 
tems. 
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A sinusoidal voltage or current at constant frequency is characterized by two 
parameters: a maximum value and a phase angle. A voltage 


FIGURE 2.1L 


Phasor diagram for 
converting from polar to 
rectangular form 
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v(t) = Vmax cos(ct + à) (2 EI) 


has a maximum value Vmax and a phase angle ô when referenced to cos(wt). 
The root-mean-square (rms) value, also called effective value, of the sinusoi- 
dal voltage is | 


V max 
Va n 
2 


Euler's identity, e/? = cos $ -- j sin ¢, can be used to express a sinusoid 
jn terms of a phasor. For the above voltage, 


(2.1.2) 


+ 


v(t) = Ref V mare N 
= RelV2(Ve"*)e/"] (21:3) 


where j = V —1 and Re denotes “real part of." The rms phasor representation 
of the voltage is given' in three forms—exponential, polar, and rectangular: 


V= Ve? -V/ó-Vcosó-jVsinó (2.1.4) 
RONDE cur ML e 
exponential polar rectangular 


A phasor can be easily converted from one form to another. Conver- 
sion from polar to rectangular is shown in the phasor diagram of Figure 2.1. 
Euler's identity can be used to convert from exponential to rectangular form. 
As an example, the voltage 


v(t) = 169.7 cos(ct + 60°) volts (2.1.5) 


has a maximum value Vmax = 169.7 volts, a phase angle 6 = 60° when refer- 
enced to cos(œwt), and an rms phasor representation in polar form of 


V = 120/60° volts (2.1.6) 
Also, the current 
i(t) = 100 cos(@f+45°) A (2.1.7) 


has a maximum value Imax = 100 A, an rms value I.— 100/ V2 = 70.7 A, a 
phase angle of 45°, and a phasor representation 


I = 70.7/45° = 70.7e/* = 50 +j50 A (2.1.8) 


The relationships between the voltage and current phasors for the three 
passive elements—resistor, inductor, and capacitor—are summarized. in Fig- 


Imaginary axis 


iV sin 6 


Real axis 
V cos ê 
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FIGURE 2.2 


Summary of 
relationships between 
phasors V and 7 for 
constant R, L, and C 
elements with sinusoidal- 
steady-state excitation 
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ure 2.2, where sinusoidal-steady-state excitation and constant values of R, L, 
and C are assumed. 

When voltages and currents are discussed in this text, lowercase letters 
such as v(t) and i(t) indicate instantaneous values, uppercase letters such as V 
and I indicate rms values, and uppercase letters in italics such as V and J in- 
dicate rms phasors. When voltage or current values are specified, they shall 
be rms values unless otherwise indicated. 


INSTANTANEOUS POWER IN SINGLE-PHASE AC 
CIRCUITS 


Power 1s the rate of change of energy with respect to time. The unit of power 


is a watt, which is a joule per second. Instead of saying that a load absorbs 


energy at a rate given by the power, it is common practice to say that a load 
absorbs power. The instantaneous power in watts absorbed by an- electrical 
load is the product of the instantaneous voltage across the load in volts and 
the instantaneous current into the load in amperes. Assume that the load 
voltage 1s 


v(t) = Vmax cos(cot +ô) volts (ZET) 


We now investigate the instantaneous power absorbed by purely re- 
sistive, purely inductive, purely capacitive, and general RLC loads. We also 
introduce the concepts of real power, power factor, and reactive power. The 
physical significance of real and reactive power is also discussed. 


PURELY RESISTIVE LOAD 


For a purely resistive load, the current into the load is in phase with the load 
voltage, 7 = V/R, and the current tnto the resistive load is 
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ig(1) = Inmax cos(wt+6) A (2.2.2) 
where Inga; = Vmax/R. The instantaneous power absorbed by the resistor 1s 
PR) = v(t)ig(ft) = VinaxlRmax cos (cot + ô) 
= 5 Vinaxlrmax{1 + cos{2(wt + 5)}} 
= Vir{1 +cos[2(wt+6)|} W (2:2:3) 


As indicated by (2.2.3), the instantaneous power absorbed by the resis- 
tor has an average value 


y? 
iue e BR W (2.2.4) 


plus a double-frequency term VIp cos{2(wt + ô)]. 


PURELY INDUCTIVE LOAD 
For a purely inductive load, the current lags the voltage by 90°, IL = 
V / (X1), and 

ij (f) = Iimax cos(ot +ô — 90°) A (23:5) 


where ILmax = Vmax/X_, and Xj = oL is the inductive reactance. The in- 
stantaneous power absorbed by the inductor is* 


pr(t) = v(t)i (t) = VmaxItmax Cos(eot + ô) cos(cot + 6 — 90°) 
= 1VmaxIrmax cos[2(cot + ô) — 90°] 
= Vh sin[2(@t+0)| W (2.2.6) 


As indicated by (2.2.6), the instantaneous power absorbed by the in- 
ductor 1s a double-frequency sinusoid with zero average value. 


PURELY CAPACITIVE LOAD 
For a purely capacitive load, the current leads the voltage by 90°, Ic = 
V /( —/Xc), and 

ic(t) = Icmax cos(ot +ô 4-907) A (2.2.7) 


where Iemax = Vmax/ Xc, and Xc = 1/(@C) is the capacitive reactance. The 
instantaneous power absorbed by the capacitor is 
pc(t) = otic?) = Vinaxlomax COS(@t + ô) cos(cot +ô + 90°) 


= 1 V max lCmax C08(2(wt + ô) + 90?)] 
= -VIc sinD(or ó)) W (2.2.8) 
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The instantaneous power absorbed by a capacitor is also a double-frequency 
sinusoid with zero average value. 


GENERAL RLC LOAD 


For a general load composed of RLC elements under sinusoidal-steady-state 


. excitation, the load current is of the form 


i(t) = Imax cos(ot--f) A (2.2.9) 
The instantaneous power absorbed by the load is then* 
POY ese DI D = Vesela cos (cat + 6) cos(ot + f) 
= 1 Vmaxlmax {cos(6 — f) + cos[2(ct-+ 6) — (ô — B)}} 
= VI cos(6 — f) + VI cos(ó — fj) cos[2(ct + 6)] 
+ VI sin(ó — ff) sinD2(cot + ó)] 
p(t) = Vl cos(ó — B)11 + cos2(cot + 6)]} + VI sin(ó — p) sn[2(oct + ô) 
Letting I cos(ó — f) = Ip and I sin(ó — f) = Ix gives 
p(t) = VIg (1 + cos2(ot + 6)]} + VIx sin[2(@t + &)] (2.2.10) 
prl’) Px(À 


As indicated by (2.2.10), the instantaneous power absorbed by the load 
has two components: One can be associated with the power pg(r) absorbed 
by the resistive component of tbe load, and the other can be associated with 
the power px(t) absorbed by the reactive (inductive or capacitive) component 


of the load. The first component pm (1) in (2.2.10) is identical to (2.2.3), where 


Ig = Icos(ó — f) is the component of the load current in phase with the load 
voltage. The phase angle (ô — f) represents the angle between the voltage 
and current. The second component px(t) in (2.2.10) is identical to (2.2.6) or 
(2.2.8), where Ix = I sin(é — f) is the component of load current 90° out of 
phase with the voltage. 


REAL POWER 


Equation (2.2.10) shows that the instantaneous power pr(t) absorbed by the 
resistive component of the load is a double-frequency sinusoid with average 
value P given by 


P = VI. = VIcos(ó — f) W (2.2.11) 


* Use the identity: cos A cos B = L[cos(A — B) + cos(A + B)]. 


EXAMPLE 2.1 


SECTION 2.2 INSTANTANEOUS POWER IN SINGLE-PHASE AC CIRCUITS 47 


The average power P is also called real power or active power. All three terms 
indicate the same quantity P given by (22.11). 


POWER FACTOR 


The term cos(é — f) in (2.2.11) is called the power factor. The phase angle 
(ô — $), which is the angle between the voltage and current, is called the 
power factor angle. For dc circuits, the power absorbed by a load 1s the prod- 
uct of the dc load voltage and the dc load current; for ac circuits, the average 
power absorbed by a load is the product of the rms load voltage V, rms load 
current J, and the power factor cos(à — fj), as shown by (2.2.11). For induc- 
tive loads, the current lags the voltage; which means f is less than 6, and the 
power factor is said to be /agging. For capacitive loads, the current leads the 
voltage, which means f is greater than ó, and the power factor is said to be 
leading. By convention, the power factor cos(é — f) is positive. If |Ó — fl is 
greater than 90°, then the reference direction for current may be reversed, re- 
sulting in a positive value of cos(ó — fj). 


REACTIVE POWER 


The instantaneous power absorbed by the reactive part of the load, given by 
the component px(f) in (2.2.10), is a double-frequency sinusoid with zero 
average value and with amplitude Q given by 


Q = Vix = VI sin(ó — f) var (09:212) 


The term Q is given the name reactive power. Although it has the same uniia 
as real power, the usual practice is to define units of reactive power as volt- 
amperes reactive, or var. 


Instantaneous, real, and reactive power; power factor 


The voltage v(t) = 141.4 cos(ct) is applied to a load consisting of a 10-Q re- 
sistor in parallel with an inductive reactance Xj = œL = 3.77 Q. Calculate 
the instantaneous power absorbed by the resistor and by the inductor. Also 
calculate the real and reactive power absorbed by the load, and the power 
factor. 


SOLUTION The circuit and phasor diagram are shown in Figure 2.3(a). The 
load voltage is 


141.4 | 
V =——/0° = 100/0° volts 


The resistor current 18 
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FIGURE 2.3 


Circuit and phasor 
diagram for Example 2.1 








Q = max pit 





Imaginary 
axis 


Real cot 


axis 





(a) Circuit and phasor diagram (b} Waveforms 


V 100 
hè = — = —/0° = 1 /0° A 
RTR o i 


The inductor current is 


V 100 
ALD C UE 0° = 26.53/ —90° A 
JXL 9375 4- 


The total load current is 
I= k +% = 10 — 726.53 = 28.35/~69.34° A 
The instantaneous power absorbed by the resistor is, from (2.2.3), 
PR(t) = (100)(10)/1 + cos(2wr)| 
= 1000[1 + cos(2wr)] W 
The instantaneous power absorbed by the inductor is, from (2.2.6), 
p(t) = (100) (26.53) sin(2wt) 
= 2653 sin(2ot) W 


i= 
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The real power absorbed by the load is, from (2.2.11), 
P = VI cos(ó — f) = (100)(28.53) cos(0° + 69.34°) 
= 1000 W 


(Note: P is also equal to VIr = V^/R.) 
The reactive power absorbed by the load is, from (2.2.12), 


Q = VI sin(ó — f) = (100)(28.53) sin(0° + 69.34°) 
== 2653 Var 


(Note: Q is also equal to VI, = V7/X_.) 
The power factor is 


p.f. = cos(ó — f) = cos(69.34°) = 0.3528 lagging 


Voltage, current, and power waveforms are shown in Figure 2.3(b). 

Note that pe (tf) and px(r), given by (2.2.10). are strictly valid only for a 
parallel R-X load. For a general RLC load, the voltages across the resistive 
and reactive components may not be in phase with the source voltage c(t). 
resulting in additional phase shifts in pr(t) and px(r) (see Problem 2.13). 
However, (2.2.11) and (2.2.12) for P and Q are valid for a general RLC load. 

E 


PRYSICAL SIGNIFICANCE OF REAL AND 
REACTIVE POWER 


The physical sigmficance of real power P is easily understood. The total 
energy absorbed by a Joad during a time interval T, consisting of one cycle of 
the sinusoidal voltage, is PT watt-seconds (Ws). During a time interval of n 
cycles, the energy absorbed is P(7T) watt-seconds, all of whichis absorbed by 
the resistive component of the load. A kilowatt-hour meter is designed to 
measure the energy absorbed by a load during a time interval (15 — 1;), con- 
sisting of an integral number of cycles, by integrating the real power P over 
the time interval (15 — t1). 

The physical significance of reactive power Q is not as easily under- 
stood. Q refers to the maximum value of the instantaneous power absorbed 
by the reactive component of the load. The instantaneous reactive power, 
given by the second term px(f) in (2.2.10), is alternately positive and nega- 
tive, and it expresses the reversible flow of energy to and from the reactive 
component of the load. Q may be positive or negative, depending on the sign 
of (ô — B) in (2.2.12). Reactive power Q is a useful quantity when descnbing 
the operation of power systems (this will become evident in later chapters). 
As one example, shunt capacitors can be used in transmission systems to de- 
liver reactive power and thereby increase voltage magnitudes during heavy 
load periods (see Chapter 5). 
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2.3 


FIGURE 2.4 


Load and generator 
conventions 


COMPLEX POWER 


For circuits operating in sinusoidal-steady-state, real and reactive power are 
conveniently calculated from complex power, defined below. Let the voltage 
across a circuit element be V = V/d, and the current into the element be 
| = 1/p. Then the complex power S is the product of the voltage and the 
conjugate of the current: 


S = VI* = iV/]l/B]* = VIS - p 
= VI cos(ó — f) + JVI sin(ó — f) (2.3.1) 


where (6 — f) 1s the angle between the voltage and current. Comparing (2.3:1) 
with (2.2.11) and (2.2.12), S is recognized as 


S=P+jQ (2.3.2) 


The magnitude S = VI of the complex power S is called the apparent power. 
Although it has the same units as P and Q, it is common practice to define 
the units of apparent power S as voltamperes or VA. The real power P is 
obtained by multiplying the apparent power S = VI by the power factor 
p.f. = cos(ó — ff). 

The procedure for determining whether a circuit element absorbs or de- 
livers power 1s summarized in Figure 2.4. Figure 2.4(a) shows the /oad con- 
vention, where the current enters the positive terminal of the circuit element, 
and the complex power absorbed by the circuit element is calculated from 
(2.3.1). This equation shows that, depending on the value of (ô — f), P may 
have either a positive or negative value. If P is positive, then the circuit ele- 
ment absorbs positive real power. However, if P i$ negative, the circuit ele- 
ment absorbs negative real power, or alternatively, it delivers positive real 
power. Similarly, 1f Q is positive, the circuit element in Figure 2.4(a) absorbs 
positive reactive power. However, if Q 1s negative, the circuit element absorbs 
negative reactive power, or it delivers positive reactive power. 


(à) Load convention. Current enters positive terminal of 
+ circuit element. {f-P is positive, then positive real power 
V is absorbed. \f Q is positive, then positive reactive power Is 
- absorbed. If P (Q) is negative, then positive rea! 
(reactive) power is delivered. 


— / 
(b) Generator convention. Current leaves positive 
* terminal of the circuit element. If P is positive, then 
V positive real power is delivered. If Q is positive. then 


- positive reactive power is delivered. V P (Q) ts 
negative, then positive real (reactive) power is absorbed. 


EXAMPLE 2.2 
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Figure 2.4(b) shows the generator convention, where the current leaves 
the positive terminal of the circuit element, and the complex power delivered 
is calculated from (2.3.1). When P is positive (negative) the circuit element 
delivers positive (negative) real power. Similarly, when Q is positive (nega- 
tive), the circuit element delivers positive (negative) reactive power. 


Real and reactive power, delivered or absorbed 


A single-phase voltage source with V = 100/130? volts delivers a current 
] = 10/10° A, which leaves the positive terminal of the source. Calculate the 
source real and reactive power, and state whether the source delivers or ab- 
sorbs each of these. 


SOLUTION Since 7 leaves the positive terminal of the source, the generator 
convention is assumed, and the complex power delivered 15, from (2.3.1), 


S MI S100 p30- D LOZIO]" 

S = 1000/120° = —500 + j866 

PeRe[S] = -500 W 

Q = Im|S] = +866 var 
where Im denotes “imaginary part of.” The source absorbs 500 W and de- 
livers 866 var. Readers familiar with electric machines wil! recognize that one 
example of this source is a synchronous motor. When a synchronous motor 


operates at a leading power factor, it absorbs real power and delivers reactive 
power. E 


The /oad convention is used for the RLC elements shown in Figure 2.2. 
Therefore, the complex power absorbed by any of these three elements can be 
calculated as follows. Assume a load voltage V = V/ó. Then, from (2.3.1), 


V V? 
resistor: Sg = Vip = [V/6] Mz a * (2.3.3) 
| : V V? 
inductor: Sj, = VIV] — —/-ó| = 4^ j— (2.3.4) 
=f AL XL 
, "I * N V T . ye | 
capacitor: Sc = VIE = [VZ] ——/-à| = —j— (2.3.5) 
J*c Xc 


From these coniplex power expressions, the following can be stated: 


A (positive-valued) resistor absorbs (positive) real power, Pg = V^/R 
W, and zero reactive power, Og = 0 var. 


An inductor absorbs zero real power, Py = 0 W, and positive reactive 
power, Qi = V-/X, var. 
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FIGURE 2.5 


Power triangle 


EXAMPLE 2.3 


Q = VI sin(d — 8) var 





P = Vi costé - 8) W 


A capacitor absorbs zero real power, Pc =.0 W, and negative reactive 
power, Qc = —V?/Xc var. Alternatively, a capacitor delivers positive 
reactive power, --V^/Xc. 


For a general load composed of RLC elements, complex power S is 
also calculated from (2.3.1). The real power P = Re(S) absorbed by a passive 
load is always positive. The reactive power Q = Im(S) absorbed by a load 
may be either positive or negative. When the load is inductive, the current 
lags the voltage, which means f is less than 6 in (2.3.1), and the reactive 
power absorbed is positive. When the load is capacitive, the current leads the 
voltage, which means f is greater than ó, and the reactive power absorbed 
is negative; or, alternatively, the capacitive load delivers positive reactive 
power. 


Complex power can be summarized graphically by use of the power tri- 
angle shown in Figure 2.5. As shown, the apparent power S, real power P, 
and reactive power Q form the three sides of the power triangle. The power 
factor angle (ò — f) is also shown, and the following expressions can be ob- 


tained: 
S= yP +Q? (2.3.6) 
(6 — f) = tan™' (Q/P) (2.3.7) 
Q = P tan(ô — $) (2.3.8) 
p.f. = cos(ó — f) = Po (2.3.9) 


S VP o? 


Power triangle and power factor correction 


A single-phase source delivers 100 kW to a load operating at a power factor 
of 0.8 lagging. Calculate the reactive power to be delivered by a capacitor 
connected in parallel with the load in order to raise the source power factor 
to 0.95 Jagging. Also draw the power triangle for the source and load. 
Assume that the source voltage is constant, and neglect the line impedance 
between the source and load. 
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FIGURE 2.6 — Ps 


Circuit and power 
triangle for Example 2.3 






source capacitor 







[Du 


O 
l 


= 42.13 kvar 


Q, = 75 kvar 


> 


32.87 kvar 





a O 
o 
il 


2 P = P = Pa = 100 kW 


SOLUTION The circuit and power triangle are shown in Figure 2.6. The real 
power P = Ps = Pg delivered by the source and absorbed by the load is not 
changed when the capacitor is connected in parallel with the load, since the 
capacitor delivers only reactive power Qc. For the load, the power factor 
angle, reactive power absorbed, and apparent power are 


0i = (ô — BL) = cos" (0.8) = 36.87° 
Q, =P tan fj = 100 tan(36.87) = 75 kvar 


P 


= —— = 125 kVA 
cos OL 


SL 


After the capacitor is connected, the power factor angle, reactive power 
delivered, and apparent power of the source are 
0s = (ô — Bs) = cos ! (0.95) = 18.19° 
Qs; = P tan 0s = 100 tan(18.19°) = 32.87 kvar 


P 100 


* cos Os 095 HU xev 


The capacitor delivers 
Qc =Q; - Os = 75 — 32.87 = 42.13 kvar 


The method of connecting a capacitor in parallel with an inductive load 
is known as power factor correction. The effect of the capacitor is to increase 
the power factor of the source that delivers power to the load. Also, the 
source apparent power Ss decreases. As shown in Figure 2.6, the source 
apparent power for this example decreases from 125 kVA without the ca- 
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FIGURE 2.7 Screen for Example 2.3 


pacitor to 105.3 kVA with the capacitor. The source current Is = Ss/V also 
decreases. When line impedance between the source and load 1s included, the 
decrease in source current results in lower line losses and lower line-voltage 
drops. The end result of power factor correction 1s improved efficiency and 
improved voltage regulation. 

To see an animated view of this example, open PowerWorld Simulator 
case Example 2 3. On the main menu, select Simulation, Solve, and Animate 
to begin the simulation. The speed and size of the green arrows are propor- 
tional to the real power supplied to the load bus, and the blue arrows are 
proportional to the reactive power. Here reactive compensation can be sup- 
plied in discrete 20-kVar steps by clicking on the arrows in the capacitor's 
kvar field, and the load can be varied by clicking on the arrows in the load 
field. Notice that increasing the reactive compensation decreases both the re- 
active power flow on the supply line and the kVA power supplied by the 
generator; the real power flow 1s unchanged. E 


2.4 


FIGURE 2.8 


Circuit diagram for 
reviewing nodal analysis 
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NETWORK EQUATIONS 


For circuits operating in sinusoidal-steady-state. Kirchhoff's current law 
(KCL) and voltage law (KVL) apply to phasor currents and voltages. Thus 
the sum of all phasor currents entering any node is zero and the sum of the 
phasor-voltage drops around any closed path is zero. Network analysis 
techniques based on Kirchhoff's laws, including nodal analysis, mesh or Joop 
analysis, superposition, source transformations, and Thévenin's theorem or 
Norton's theorem, are useful for analyzing such circuits. 

Various computer solutions of power system problems are formulated 
from nodal equations, which can be systematically applied to circuits. The 
circuit shown in Figure 2.8, which is used here to review nodal analysis. is 
assumed to be operating in sinusoidal-steady-state; source voltages are repre- 
sented by phasors Zsi, Es», and £53; circuit impedances are specified in ohms. 
Nodal equations are written in the following three steps: 


STEP | Fora circuit with (N + 1) nodes (also called buses), select one 
bus.as the reference bus and define the voltages at the remain- 
ing buses with respect to the reference bus. 

The circuit in Figure 2.8 has four buses—that is. 
N+1=4 or N —3. Bus 0 is selected as the reference bus, 
and bus voltages Vio, Vao, and V3o are then defined with re- 
spect to bus 0. 


STEP 2 Transform each voltage source in series with an impedance to 
an equivalent current source in parallel with that impedance. 
Also, show admittance values instead of impedance values on 
the circuit diagram. Each current source is equa! to the volt- 
age source divided by the source impedance. 
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FIGURE 2.9 


Circuit of Figure 2.8 
with equivalent current 
sources replacing voltage 
sources. Admitiance 
values are also shown. 


STEP 3 


—J2S 





In Figure 2.9 equivalent current sources /;, h, and A are 
shown, and all impedances are converted to corresponding 
admittances.. 


Write nodal equations in matrix format as follows: 


Yo Yo Yn > Yin |] Mio | J 
Ya Yoo Yn c Yow V0 h 
Ya Yao Ya > Yan Vo | = | B | (2.4.1) 
Yur Ymo Ym coo Yow V wo LIN 
Using matrix notation, (2.4.1) becomes 
YV =] (2.4.2) 


where Y is the N x N bus admittance matrix, V is the column 
vector of N bus voltages, and Z is the column vector of N cur- 
rent sources. The elements Yg, of the bus admittance matrix Y 
are formed as follows: 


diagonal elements: Ykk = sum of admittances 
connected to bus k 
(k =1,2,...,N) (2.4.3) 


off-diagonal elements: Y,, = —(sum of admittances 
connected between buses k 
andn) (Kk n) (2.4.4) 


The diagonal element Y, is called the se/f-admittance or the 
driving-point admittance of bus k, and the off-diagonal element 
Y,, for k x n is called the mutual admittance or the transfer 
admittance between buses k and n. Since Yin = Yag, the ma- 
trix Y is symmetric. 
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For the circuit of Figure 2.9, (2.4.1) becomes 







(j3 — j10) 0 Vio 
-(3) |3-jl-j1-j2)| -(l-J2) Vo 
0 (jl - J2— j4) | | Vo 
"T 
—|h 
h 
Sy x DP Hie 7, 
WIRD ly oat | | e| = | 5 (2.4.5) 
0 ] —5 V30 h 


The advantage of this method of writing nodal equations is that a digi- 
tal computer can be used both to generate the admittance matrix Y and to 
solve (2.4.2) for the unknown bus voltage vector V. Once a circuit is specified 
with the reference bus and other buses identified, the circuit admittances and 
their bus connections become computer input data for calculating the ele- 
ments Y,, via (2.4.3) and (2.4.4). After Y is calculated and thé current source 
vector 7 is given as input, standard computer programs for solving simul- 
taneous linear equations can then be used to determine the bus voltage 
vector PF. 

When double subscripts are used to denote a voltage in this text, the 
voltage shall be that at the node identified by the first subscript with respect 
to the node identified by the second subscript. For example, the voltage Vio 
in Figure 2.9 is the voltage at node | with respect to node 0. Also, a current 
I,» shal) indicate the current from node a to node b. Voltage polarity marks 
(--/—) and current reference arrows (—) are not required when double sub- 
script notation is employed. The polarity marks in Figure 2.9 for Vio, Vao, 
and V39, although not required; are shown for clarity. The reference arrows 
for sources J, h, and h in Figure 2.9 are required, however, since single sub- 
scripts are used for these currents. Matrices and vectors shall be indicated in 
this text by boldface type (for example, Y or V). 


BALANCED THREE-PHASE CIRCUITS 


In this section we introduce the following topics for balanced three-phase cir- 
cuits: Y connections, line-to-neutral voltages, line-to-line voltages, line cur- 
rents, A loads, A-Y conversions, and equivalent line-to-neutral diagrams. 
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FIGURE 2.10 


Circuit diagram of a 
three-phase Y-connected 
source feeding a 
balanced-Y load 


FIGURE 2.11 


Phasor diagram 

of balanced 
positive-sequence 
]ine-to-neutral voltages 
with Ean as the reference 








BALANCED-Y CONNECTIONS 


Figure 2.10 shows a three-phase Y-connected (or *wye-connected") voltage 
source feeding a balanced-Y-connected load. For a Y connection, the neu- 
trals of each phase are connected. In Figure 2.10 the source neutral connec- 
tion is labeled bus n and the load neutral connection is labeled bus N. The 
three-phase source 1s assumed to be ideal since source impedances are ne- 
glected. Also neglected are the line impedances between the source and load 
terminals, and the neutral impedance between buses n and N. The three- 
phase load is balanced, which means the load impedances in all three phases 
are identical. 


BALANCED LINE-TO-NEUTRAL VOLTAGES 


In Figure 2.10, the terminal buses of the three-phase source are labeled a, b, 
and c, and the source line-to-neutral voltages are labeled £,,, Ep, and Eon. 
The source is balanced when these voltages have equal magnitudes and an 
equal 120?-phase difference between any two phases. Àn example of balanced 
three-phase line-to-neutral voltages 1s 


Eg = 10/0° 
Ey, = 10/—120° = 10/+240° (2.5.1) 


E.n = 10/+120° = 10/—240° volts 


where the line-to-neutral voltage magnitude 1s 10 volts and Ean is the refer- 
ence phasor. The phase sequence is called positive sequence or abc sequence 
when Esn leads Ej, by 120° and Ej, leads E,, by 120°. The phase sequence is 
called negative sequence or acb sequence when Ean leads Een by 120° and E, 
leads Ej, by 120°. The voltages in (2.5.1) are positive-sequence voltages, since 
Em leads Ej, by 120°. The corresponding phasor diagram is shown in Figure 
2.11. 
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BALANCED LINE-TO-LINE VOLTAGES 


The voltages Ezp, Eve, and Eca between phases are called line-to-line voltages. 
Writing a KVL equation for a closed path around buses a, b, and n in Figure 
2.10, 


Ea = Em — Ebn (2:3:2) 


For the line-to-neutral voltages of (2.5.1), 





Ens = 10/0° — 10/—120* = 10 — 10 a 
(2.5.3) 
Ea = V3(10) ex = /3(10/30°) volts 
Similarly, the line-to-line voltages Ej, and E,, are 

Eve = Ebn — Eon = 10/-120° — 10/+120° 

= /3(10/—90°) volts (2.5.4) 
Ej = Een — Ean = 10/+120° — 10/0* 

= /3(10/150°) volts (2.5.5) 


The line-to-line voltages of (2.5.3)-(2.5.5) are also balanced, since they 
have equal magnitudes of V3(10) volts and 120° displacement between any 
two phases. Comparison of these line-to-Iine voltages with the line-to-neutral 
voltages of (2.5.1) leads to the following conclusion: 


In a balanced three-phase Y-connected system with positive-sequence 
sources, the line-to-line voltages are v3 times the line-to-neutral volt- 
ages and lead by 30°. That 1s, . 


Fab = V3E anf +30° 
Ej, = V3E inf +30° (2.5.6) 
Ej, = V3Een{ 4-30 


This very important result is summarized in Figure 2.12. In Figure 
2.12(a) each phasor begins at the origin of the phasor diagram. In Figure 
2.12(b) the line-to-line voltages form an equilateral triangle with vertices 
labeled a, b, c corresponding to buses a, b, and c of the system; the line-to- 
neutral voltages begin at the vertices and end at the center of the triangle, 
which is labeled n for neutral bus n. Also, the clockwise sequence of the ver- 
tices abc in Figure 2.12(b) indicates positive-sequence voltages. In both dia- 
grams, Em is the reference, However, the diagrams could be rotated to align 
with any other reference. 

Since the balanced line-to-line voltages form a closed triangle in Figure 
2.12, their sum is zero. In fact, the sum of line-to-line voltages (E, + Ebe + Eca) 
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FIGURE 2.12. £, Ean E. 
Positive-sequence 
line-to-neutral and 30° 
line-to-line voltages in a Ean 
balanced three-phase 
Y-connected system 
Epn 
Ebé Š 
(a) Phasor diagram (b) Voltage triangle 


is always zero, even if the system is unbalanced, since these voltages form a 
closed path around buses a, b, and c. Also, in a balanced system the sum of the 
line-to-neutral voltages (Ej, + Ej, + Een) equals zero. 


BALANCED LINE CURRENTS 


Since the impedance between the source and load neutrals in Figure 2.10 is 
neglected, buses » and N are at the same potential, Epy = 0. Accordingly, a 
separate KVL equation can be written for each phase, and the line currents 
can be written by inspection: ' 


I; = Ea Zv 
Ij = Epn/Zy (2.5.7) 
I. = Ej Zy 


For example, if each phase of the Y-connected load has an impedance 
Zy = 2/30° Q, then 





I; e /-30° A 


2/30 — 

10/—120° 

= Oa = §/_150° 5. 
I XE /—150 A (2.5.8) 
— 10/+120° _ , 
l= 3 7 5290 A 


The line currents are also balanced, since they have equal magnitudes 
of 5 A and 120? displacement between any two phases. The neutral current J, 
is determined by writing a KCL equation at bus N in Figure 2.10. 


hodic (2.5.9) 
Using the line currents of (2.5.8), 


FIGURE 2.13 


Phasor diagram of line 
currents in a balanced 
three-phase system 


FIGURE 2.14 


Circuit diagram of a Y- 
connected source feeding 
a balanced-A load 
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I, = 5/ —30* + 5/ —150* + 5/90? 
Er Ey. y (2.5.10) 
P= (22 (2-2 + j5-0 


The phasor diagram of the line currents is shown in Figure 2.13. Since 
these line currents form a closed triangle, their sum, which is the neutral cur-. 
rent /,, is zero. In general, the sum of any balanced three-phase set of phasors 
is zero, since balanced phasors form a closed triangle. Thus, although the im- 
pedance between neutrals n and N in Figure 2.10 is assumed to be zero, the 
neutral] current will be zero for any neutral impedance ranging from short 
circuit (0 Q) to open circuit (co Q), as long as the system is balanced. If the 
system is not balanced—which could occur 1f the source voltages, load im- 
pedances, or line impedances were unbalanced—then the line currents will 
not be balanced and a neutral current J,, may flow between buses n and N. 


BALANCED A LOADS 


Figure 2.14 shows a three-phase Y-connected source feeding a balanced-A- 
connected (or “delta-connected’’) load. For a balanced-A connection, equal 
load impedances Z4 are connected in a triangle whose vertices form the 
buses, labeled A, B, and C in Figure 2.14. The A connection does not have a 
neutral bus. 

Since the line impedances are neglected in Figure 2.14, the source line- 
to-line voltages are equal to the load line-to-line voltages, and the A-load 
currents Jag, /gc, and Ica are 


Tap - Ea ZA 
Irc = Esc Za (2.5.11). 
loa = Eval ZA 


For example, if the line-to-line voltages are given by (2.5.3)—(2.5.5) and 
if Za = 5/30? QO, then the A-load currents are 
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10/30° 
= EN ONERE = f; 4 " 
Ls va" a) 3.464/0° A 


10/ —90* : 
Ipc = (T =) = 3.464/—1200 A (2.5.12) 


10/150° | : 
Ica = V3 er 30: ) = 3.464/+120° A 


Also, the line currents can be determined by writing a KCL equation at each 
bus of the A load, as follows: 


I, — Ian — Ica = 3.464/0° — 3.464/ 120° = V3(3.464/—30°) 
Ij = Iac — Iag = 3.464/—120* — 3.464/0° = V3(3.464/-150°) — (2.5.13) 
I, = Ica — Ipc = 3.464/ 120° — 3.464/—120? = V3(3.464/+90°) 


Both the A-load currents given by (2.5.12) and the line currents given 
by (2.5.13) are balanced. Thus the sum of balanced A-load currents 
(as + Jpc+Jca) equals zero. The sum of line currents (7, + Jp + Te) is al- 
ways zero for a A-connected load even if the system is unbalanced, since there 
is no neutral wire. Comparison of (2.5:12) and (2.5.13) leads to the following 
conclusion: 


For a balanced-A load supplied by a balanced positive-sequence source, 
the line currents into the load are v3 times the A-load currents and lag 
by 30°. That is, 

I, = V3Iap/ —30* 

Ij = V/3Igc/ —30^ (2.5.14) 

I, = V3Ica/—30° 


This result is summarized in. Figure 2.15. 


FIGURE 2.15 


Phasor diagram of line 
currents and load 
currents for a 
balanced-A load 





FIGURE 2.16 


A-Y conversion for 
balanced loads 


EXAMPLE 2.4 
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(a) Balanced-A load (b) Equivalent balanced-Y load 


A-Y CONVERSION FOR BALANCED LOADS 


Figure 2.16 shows the conversion of a balanced-A load to a balanced-Y load. 
If balanced voltages are applied, then these loads will be equivalent as viewed 
from their terminal buses A, B, and C when the line currents into the A load 
are the same as the line currents into the Y load. For the A load, 


—30° 
I4 = V3Iap/—30° = VOBIS 30 (2.5.15) 
A 
and for the Y load, 
EAN EAR —30° 
h= ES Eap/ —30° ze: 2.5.16 
A TT FZ, ( ) 


Comparison of (2.5.15) and (2.5.16) indicates that 74 will be the same for 
both the A and Y loads when 

oes fa (2.5.17) 
Also, the other line currents 7g and Zc into the Y load will equal those into the 
A load when Zy = Z4/3, since these loads are balanced. Thus a balanced-A 
load can be converted to an equivalent balanced-Y load by dividing the A-load 
impedance by 3. The angles of these A- and equivalent Y-load impedances 
are the same. Similarly, a balanced-Y load can be converted to an equivalent 
balanced-A load using Z4 — 3Zy. 


Balanced A and Y loads 


A balanced, positive-sequence, Y-connected voltage source with E,, = 480/0° 
volts is applied to a balanced-A load with Z4 = 30/40? Q, The line impedance 
between the source and load is Zr, = 1/85? Q for each phase. Calculate the 
line currents, the A-load currents, and the voltages at the load terminals. 
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FIGURE 2.17 


Circuit diagram for 
Example 2.4 


Z = 85 Q 





SOLUTION The solution is most easily obtained as follows. First, convert 
the A load to an equivalent Y. Then connect the source and Y-load neutrals 
with a zero-ohm neutral wire. The connection of the neutral wire has no 
effect on the circuit, since the neutra] current J, — 0 in a balanced system. 
The resulting circuit 1s shown in Figure 2.17. The line currents are 


480 
——[ -30* 
In = Emo = ER C p 
4L ZY 1/950 4 = /40° 
B 277.1/ —30* 
~ (0.0872 + j0.9962) + (7.660 + j6.428) (2.5.18) 


277.1/—30° 277.1/—30° 
= M —— ——_ Oo .83 2] F j 
(7.748 + 77404) ^ 10.73/43.79° SLR A 


1p = 25.83/166.22° A 
Ic = 25.83/46.22° A 
The A-load currents are, from (2.5.14), 


I 25.83 
E a 8 405 AAE. 
ap f We NT 
Tac = 14.91/—163.78° A (2.5.19) 


Ica = 14.91/+76.22° A 
The voltages at the load terminals are 
Eas = Zalag = (30/40°)(14.91/—43.78°) = 447.3/ —3.78? 
Egc = 447.3/ —123.78° (2.5.20) 


Eca = 447.3/116.22° volts 
a 


FIGURE 2.18 


Equivalent line-to- 
neutral diagram for. the 
circuit of Example 2.4 


2.6 
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a A = 1/85° 0 A 
+ 
= 480 i a Ly = 10 /40° Q 
E, = eO 
= neutral wire / 
n N 


EQUIVALENT LINE-TO-NEUTRAL DIAGRAMS 


When working with balanced three-phase circuits, only one phase need be 
analyzed. A loads can be converted to Y loads, and all. source and load neu- 
trals can be connected with a zero-ohm neutral wire without changing the 
solution. Then one phase of the circuit can be solved. The voltages and cur- 
rents in the other two phases are equal in magnitude to and +120° out of 
phase with those of the solved phase. Figure 2.18 shows an equivalent line-to- 
neutral diagram for one phase of the circuit in Example 2.4. 

When discussing three-phase systems in this text, voltages shall be 
rms line-to-line voltages unless otherwise indicated. This is standard industry 
practice. 


POWER IN BALANCED THREE-PHASE CIRCUITS 


In this section, we discuss instantaneous power and complex power for bal- 
anced three-phase generators and motors and for balanced- Y and A-impedance 
Joads. 


INSTANTANEOUS POWER: BALANCED 
THREE-PHASE GENERATORS 


Figure 2.19 shows a Y-connected generator represented by three voltage 
sources with their neutrals connected at bus n and by three identical genera- 
tor impedances Z,. Assume that the generator is operating under balanced 
steady-state conditions with the instantaneous generator terminal voltage 
given by 


Van(t) = V2ViN cos(wt+6) volts (2.6.1) 


and with the instantaneous current leaving the positive terminal of phase a 
given by 


i(t) = V2, cos(wt+B) A ^ (2.6.2) 
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FIGURE 2.19 c 


Y-connected generator 





—> dy) 


where Vi w 1s the rms line-to-neutral voltage and Ir, 1s the rms line current. 
The instantaneous power p;(t) delivered by phase a of the generator is 


Palt) = vas(t)is(1) 
= 2Viwli, cos(ot + ô) cos(wt + £) 
= Viul, cos(ó — ff) + Vint, cos(2wt + 6 + ff) W (2.6.3) 


Assuming balanced operating conditions, the voltages and currents of 
phases b and c have the same magnitudes as those of phase a and are +120° 
out of phase with phase a. Therefore the instantaneous power delivered by 
phase b is 


pilt) = 2Viwli cos(@t +ô — 120°) cos(wt + £ — 120°) 
= Vili cos(ó — f) + Vindi cos(20t +ô + B — 240°) W (2.6.4) 
and by phase c, 
pc(t) = 2ViNIL cos(ot +ô + 120°) cos(o0t + B + 120°) 
= Viwlr cos(ó — f) + Vili cos(2m1.+6+ 8+ 240°) W (2.6.5) 


The total instantaneous power p3g(f) delivered by the three-phase gen- 
erator is the sum of the instantaneous powers delivered by each phase. Using 
(2.6.3)- (2.6.5): 


P3g(t) = Balt) + po(t) + pelt) 
= 3Viwlr cos(ó — f) + VinIL[cos(2mr + 6 + p) 
+ cos(2wt + ô + B — 240°) 
+ cos(2ot +ô + B +240°)| W (2.6.6) 


The three cosine terms within the brackets of (2.6.6) can be represented by a 
balanced set of three phasors. Therefore, the sum of these three terms 1s zero 
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for any value of ô, for any value of fj, and for all values of t. Equation (2.6.6) 
then reduces to 


P3g{t) = P3g = 3ViNIL cos(ó - 8) W (2.6.7) 


Equation (2.6.7) can be written in terms of the line-to-line voltage Vi instead 
of the line-to-neutral voltage Vin. Under balanced operating conditions, 


Vin = Vi/V3. and | P4-—vV3Vul cos(6- f) W (2.68) 


Inspection of (2.6.8) leads to the following conclusion: 
The total instantaneous power delivered by a three-phase generator 


under balanced operating conditions is not a function of time, but a 
constant, pao (1) = Pag- 


INSTANTANEOUS POWER: BALANCED 
THREE-PHASE MOTORS AND IMPEDANCE LOADS 


The total instantaneous power absorbed by a three-phase motor under bal- 
anced steady-state conditions is also a constant. Figure 2.19 can be used to 
represent a three-phase motor by reversing the line currents to enter rather 
than leave the positive terminals. Then (2.6.1)-(2.6.8), valid for power deliv- 
ered by a generator, are also valid for power absorbed by a motor. These 
equations are also valid for the instantaneous power absorbed by a balanced 
three-phase 1mpedance load. 


COMPLEX POWER: BALANCED THREE-PHASE 
GENERATORS 


The phasor representations of the voltage and current in (2.6.1) and (2.6.2) 
are 
Vin = Vin/6 volts (2.6.9) 


1,-L/f A (2.6.10) 


where J, leaves positive terminal “a” of the generator. The complex power S, 
delivered by phase a of the generator 1s 


Sa = Val; = VinIL/(6 — f) 
= Vind cos(é = p) te JV inIb sin(ó zm p) (2.6.1 1) 


Under balanced operating conditions, the complex powers delivered by 
phases b and c are identical to Sa, and the total complex power $5, delivered 
by the generator is 
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S34 = Sa + Sp + Se = 38, 


= 3VinIL/(6 — B) 


= 3Vi xl, cos(ó = B) T J3VinIt sin(d = B) (2.6.12) 


In terms of the total real and reactive powers, 


$34 = Pag + Qs; (2.6.13) 
where 
Pag = Re($3,) = 3VinIz cos(ó — B) 
= V3Vi lh cos(Q — f) W (2.6.14) 


. and 
Q3; = Im(534) = 3Vrwlr sin(ó — p) 
= V3Vili sin(ó — B) var (2.6.15) 
Also, the total apparent power is 


S34 = |S$34| = 3VinIn = V3VulL VA (2.6.16) 


COMPLEX POWER: BALANCED THREE-PHASE 
MOTORS 


The preceding expressions for complex, real, reactive, and apparent power 
delivered by a three-phase generator are also valid for the complex, real, reac- 
tive, and apparent power absorbed by a three-phase motor. 


COMPLEX POWER: BALANCED-Y AND BALANCED-A 
IMPEDANCE LOADS 


Equations (2.6.13)-(2.6.16) are also valid for balanced-Y and -A impedance 
loads. For a balanced-Y load, the line-to-neutral voltage across the phase a 
load impedance and the current entering the positive terminal of that load 
impedance can be represented by (2.6.9) and (2.6.10). Then (2.6.11)-(2.6.16) 
are valid for the power absorbed by the balanced-Y load. 

For a balanced-A load, the hne-to-line voltage across the phase a-b 
load impedance and the current into the positive terminal of that load im- 
pedance can be represented by 


Vi» = Vit/d volts (2.6.17) 
læ =1n/B A (2.6.18) 
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2.7 


where Vir.is the rms line-to-line voltage and I, is the rms A-load current. 
The complex power Sa, absorbed by the phase a-b load impedance is then 


Sub = Vablo = Virla/(6 — f) (2.6.19) 
The total complex power absorbed by the A load is 
S39 = Sap + Syc + Sea = 3Sa6 
= 3ViyIA/(ó — f) 


= 3Vi1 I4 cos(à — f) + j3Vii IA sin(ó — fi) (2.6.20) 
Rewriting (2.6.19) in terms of the total real and reactive power, 
Sag = Pag jQy; (2.6.21) 
P3g = Re($34) = 3Viyla cos(ó — £) 
= V3VrrIr cos(ó — 8) W | (2.6.22) 
Q5, = Im(S3g) = 3Vii la sin(ó — £) 
= V3Vitl, sin(ó — B) var (2.6.23) 


where the A-load current IA is expressed in terms of the line current I, = v3Ia 
in (2.6.22) and (2.6.23). Also, the total apparent power is 


S, = |S$34| = 3Vitla = V3Viilj VA (2.6.24) 


Equations (2.6.21)-(2.6.24) developed for the balanced-A load are identical 
to (2.6.13)- (2.6.16). 


ADVANTAGES OF BALANCED THREE-PHASE 
VERSUS SINGLE-PHASE SYSTEMS 


Figure 2.20 shows three separate single-phase systems. Each single-phase sys- 
tem consists of the following identical components:. (1) a generator repre- 
sented by a voltage source and a generator impedance Z,; (2) a forward and 
return conductor represented by two series line impedances Zy; (3) a load 
represented by an impedance Zy. The three single-phase systems, although 
completely separated, are drawn in a Y configuration in the figure to illus- 
trate two advantages of three-phase systems. 

Each separate single-phase system requires that both the forward and 
return conductors have a current capacity (or ampacity) equal to or greater 
than the load current. However, if the source and load neutrals in Figure 2.20 
are connected to form a three-phase system, and if the source voltages are 
balanced with equal magnitudes and with 120° displacement between phases, 
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FIGURE 2.20 


Three single-phase 
systems 


4 =R *jX 





then the neutral current will be zero [see (2.5.10)] and the three neutral con- 
ductors can be removed. Thus, the balanced three-phase system, while deliv- 
ering the same power to the three load impedances Zy, requires only half the 
number of conductors needed for the three separate single-phase systems. 
Also, the total IR line losses in the three-phase system are only half those of 
the three separate single-phase systems, and the line-voltage drop between the 
source and load in the three-phase system is half that of each single-phase 
system. Therefore, one advantage of balanced three-phase systems over sepa- 
Tate single-phase systems is reduced capital and operating costs of transmis- 
sion and distribution, as well as better voltage regulation. 

Some three-phase systems such as A-connected systems and three-wire 
Y-connected systems do not have any neutral conductor. However, the ma- 
jonty of three-phase systems are four-wire Y-connected systems, where a 
grounded neutral conductor 1s used. Neutral conductors are used to reduce 


-transient overvoltages, which can be caused by lightning strikes and by line- 


switching operations, and to carry unbalanced currents, which can occur 
during unsymmetrical short-circuit conditions. Neutral conductors for trans- 
mission lines are typically smaller in size and ampacity than the phase con- 
ductors because the neutral current is nearly zero under normal operating 


conditions. Thus, the cost of a neutral conductor is substantially less than 
that of a phase conductor. The capital and operating costs of three-phase 


transmission and distribution systems with or without neutral conductors are 
substantially less than those of separate single-phase systems. . 

A second advantage of three-phase systems is that the total instanta- 
neous electric power delivered by a three-phase generator under balanced 
steady-state conditions is (nearly) constant, as shown in Section 2.6. A three- 
phase generator (constructed with its field winding on one shaft and with its 
three-phase windings equally displaced by 120° on the stator core) will also 
have a nearly constant mechanical input power under balanced steady-state 
conditions, since the mechanical input power equals the electrical output 
power plus the small generator losses. Furthermore, the mechanical shaft 


PROBLEMS 


2.1 


2.2 


2.3 


2.4 


FIGURE 2.21 


Circuit for Problem 2.4 
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torque, which equals mechanical input power divided by mechanical radian 
frequency (Tmech = Pmech/@m) is nearly constant. 

On the otber hand, the equation for the instantaneous electric power 
delivered by a single-phase generator under balanced steady-state conditions 
is the same as the instantaneous power delivered by one phase of a three- 
phase generator, given by p,(1) in (2.6.3). As shown in that equation, p,(7) 
has two components: a constant and a double-frequency sinusoid. Both the 
mechanical input powet and the mechanical shaft torque of the single-phase 
generator will have corresponding double-frequency components that create 
shaft vibration and noise, which could cause shaft failure in large machines. 
Accordingly, most electric generators and motors rated 5 kVA and higher 
are constructed as three-phase machines in order to produce nearly constant 
torque and thereby minimize shaft vibration and noise. 


SECTION 2.1 


Given the complex numbers A; = 5/60? and 4; = —3 — j4, (a) convert 4; to rectan- 
gular form; (b) convert Az to polar and exponential form; (c) calculate 
A; = (A, + Az), giving your answer in polar form; (d) calculate 44 = 4145, giving 
your answer in rectangular form; (e) calculate As = A,/(A>), giving your answer in 
exponential form. 


Convert the following instantaneous currents to phasors, using cos(ox) as the re- 
ference. Give your answers in both rectangular and polarform. 

(a) i(t) = 4004/2 cos(ct — 30°); 

(b) (7) = 5 sin(cot + 15°); 

(c) i(t) =4 cos(cot — 30°) + 54/2 sin(wi + 15°). 

The instantaneous voltage across a circuit element is v(t} = 678.8 sin(œt — 15°) volts, 
and the instantaneous current entering the positive terminal of the circuit element 
is i(f) = 200 cos(wt— 5°) A. For both the current and voltage, determine (a) the 
maximum value, (b) the rms value, (c) the phasor expression, using cos(@f) as the 
reference. 


For the single-phase circuit shown in Figure 2.21, 7 = 10/0° A. (a) Compute the pha- 
sors J), b, and V. (b) Draw a phasor diagram showing J, ^, h, and V. 
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2.5 


2.6 


2.7 


2.8 


FIGURE 2.22 


Circuit for Problem 2.8 


2.9 


FIGURE 2.23 


Circuit for Problem 2.9 


2.10 


A 60-Hz, single-phase source with V = 277/30° volts is applied to a circuit element. 
(a) Determine the instantaneous source voltage. Also determine the phasor and in- 
stantaneous currents entering the positive terminal if the circuit element is (b) a 20-Q 
resistor, (c) a 10-mH inductor, (d) a capacitor with 25-O reactance. 


(a) Transform v(1) = 100 cos(3771 — 30°) to phasor form. Comment on whether w = 
377 appears in your answer. (b) Transform V = 100/20° to instantaneous form. Assume 
that c = 377. (c) Add the two sinusoidal] functions a(z) and 4(t) of the same frequency 
given as follows: a(t) = A2 cos(ct 4- x) and b(t) = BV2 cos(wr + fl). Use phasor 
methods and obtain the resultant e(z). Does the resultant have the same frequency? 
Let a 100-V sinusoidal source be connected to a series combination of a 3-Q resistor, 
an 8-O inductor, and a 4-© capacitor. (a) Draw the circuit diagram. (b) Compute the 
series impedance. (c) Determine the current 7 delivered by the source. Is the current 
lagging or leading the source voltage? What is the power factor of this circuit? 


Consider the circuit shown in Figure 2.22 in time domain. Convert the entire circuit 
into phasor domain. 


R;= 5.76 MÊL; = 30.6 uH 


u(t) = 120V2cos(377t - 30*)V 
Li = 5 mH 





For the circuit shown in Figure 2.23, compute the voltage across the load terminals. 


0.12  j0.5Q | = 60/0°A 





SECTION 2.2 


For the circuit element of Problem 2.3, calculate (a) the instantaneous power ab- 
Sorbed, (b) the real power (state whether it is delivered or absorbed), (c) the reactive 
power (state whether delivered or absorbed), (d) the power factor (state whether lag- 
ging or leading). 


2.12 


2.13 
2.14 


2.15 


2.16 


2.17 


2.18 
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[Note: By convention the power factor cos(ó —.f) is positive. If | — f| is greater 
than 90°, then the reference direction for current may be reversed, resulting in a posi- 
tive value of cos(ó — f)). 


Referring to Problem 2.5, determine the instantaneous power, real power, and reactive 
power absorbed by: (a) the 20-Q resistor, (b) the 10-mH inductor, (c) the capacitor 
with 25-2 reactance. Also determine the source power factor and state whether lag- 
ging or leading. 

The voltage v(t) = 678.8 cos(ct + 45?) volts is applied to a load consisting of a 10-Q 
resistor in parallel with a capacitive reactance Xc = 25 Q. Calculate (a) the instanta- 
neous power absorbed by the resistor, (b) the instantaneous power absorbed by the 
capacitor, (c) the real power absorbed by the resistor, (d) the reactive power delivered 
by the capacitor, (e) the load power factor. | 


Repeat Problem 2.12 if the resistor and capacitor are connected in series. 


A single-phase source is applied to a two-terminal, passive circuit with equivalent 
impedance Z = 2.0/ —45? Q measured from the terminals. The source current is 
i(t) = 42 cos(wt) kA. Determine the (a) instantaneous power, (b) real power, and 
(c) reactive power delivered by the source. (d) Also determine the source power factor. 


Let a voltage source v(t) = 4 cos(ot + 60°) be connected to.an impedance Z = 
2/30? Q. (a) Given the operating frequency to be 60 Hz, determine the expressions 
for the current and instantaneous power delivered by the source as functions of time. 
(b) Plot these functions along with v(1) on a single graph for comparison. (c) Find the 
frequency and average value of the instantaneous power. 


A single-phase, 120-V (rms), 60-Hz source supplies power to a series R-L circuit con- 
sisting of R = 10 Q and L = 40 mH. (a) Determine the power factor of the circuit and 
state whether it is lagging or leading. (b) Determine the real and reactive power 
absorbed by the load. (c) Calculate the peak magnetic energy Win stored in the 
inductor by using the expression Wi = L(Iqs)^ and check whether the reactive 
power Q = oW is satisfied. (Norte: The instantaneoüs magnetic energy storage fluc- 
tuates between zero and the peak energy. This energy must be sent twice each cycle to 

the load from the source by means of reactive power flows.) | 


SECTION 2.3 


Consider a load impedance of Z = joL connected to a voltage V let the current 
drawn be 7. 

(a) Develop an expression for the reactive power Q in terms of c, L, and J, from 
complex power considerations. 

(b) Let the instantaneous current be i(t) = /21 cos(wt + 0). Obtain an expression for 
the instantaneous power p(t) into L, and then express rt in terms of Q. 

(c) Comment on the average real power P supplied to the inductor and the instanta- 
neous power supplied. 


Let a series R-L-C network be connected to a source voltage V, drawing a current 7. 
(a) In terms of the load impedance Z = Z < Z, find expressions for P and Q, from: 
complex power considerations. 

(b) Express p(f) in terms of P and Q, by choosing i(t) = V2I cos cot. 

(c) For the case of Z = R + jwL + 1/jwe, interpret the result of part (b) in terms of P, 
Qz, and Qc. In particular, if w? LC = I, when the inductive and capacitive reactances 
cancel, comment on what happens. 
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2.20 


2.21 


2.22 


2.23 


2.24 


2.25 


2.26 


2.27 


2.28 


Consider a single-phase load with an applied voltage v(7) = 1502 cos(ct + 10°) volts 
and load current i(1) = 5V2 cos(ct — 50°) A. (a) Determine the power triangle. (b) 
Find the power factor and specify whether it is lagging or leading. (c) Calculate the 
reactive powcr supplied by capacitors in parallel with the load that correct the power 
factor 10 0.9 lagging. 


A circuit consists of two impedances, Z) = 20/ 30" Q and Z = 14.14/ -45° Q, in 
parallel, supplied by a source voltage V = 100/60° volts. Determine the power tri- 
angle for each of the impedances and for the source. 


An industrial plant consisting primarily of induction motor loads absorbs 1000 kW at 
0.7 power factor lagging. (a) Compute the required kVA rating of a shunt capacitor to 
improve the power factor to 0.9 lagging. (b) Calculate the resulting power factor jf a 
synchronous motor rated 1000 hp with 90% efficiency operating at rated load and at 
unily power factor ts added to the plant instead of the capacitor. Assume constant 
voltage. (1 hp = 0.746 kW) 


The real power delivered bv a source to two impedances, Zi =3+ j5 Q and 
Z^» = (0 £2. connected jn parallel, is 2000 W. Determine (a) the rea! power absorbed 
by each of the impedances and (b) the source current. 


A single-phase source has a terminal voltage V = 120/0° volts and a current / = 
25/30? A, which leaves the positive terminal of the source. Determine the rea} and 
reacuve power. and state whether the source ts delivering or absorbing each. 


A source supplies power to the following three loads connected in parallel: (1) a light- 
ing load drawing 10 kW, (2) an induction motor drawing 10 KVA at 0.90 power factor 
lagging. and (3) a synchronous motor operating at 10 hp, 85% efficiency and 0.95 
power factor leading (1 bp = 0.746 kW). Determine the real, reactive, and apparent 
power delivered by the source. Also, draw the source power triangle. 


Consider the series R-L-C circuit of Problem 2.7 and calculate the complex power ab- 
sorbed by each of the elements R, L, and C, as well as the complex power absorbed 
by the total load. Draw the resultant power triangle. Check whether the complex 
power delivered by the source equals the total complex power absorbed hy the load. 


A small manufacturing plant 1s located 2 km down a transmission line, which has a 
series reactance of 0.5 Q/km. The tine resistance is negligible. The line voltage at the 
plant is 480/0° V (rms), and the plant consumes 120 kW at 0.85 power factor lagging. 
Determine the voltage and power factor at the sending end of the transmission line by 
using (a) à complex power approach and (b) a circuit analysis approach. 


An industria) Joad consisting of a bank of induction motors consumes 50 kW at a 
power factor of 0.8 lagging from a 220-V, 60-Hz, single-phase source. By placing a 
bank of capacitors in parallel with the load, the resultant power factor 1s to be raised 
to 0.95 lagging. Find the net capacitance of the capacitor bank in pF that is required. 


Three loads are connected in parallel across a single-phase source voltage of 240 V 
(RMS). 

Load |] absorbs J}2 kW and 6.667 KVAR; 

Load 2 absorbs 4 kVA at 0.96PF leading; 

Load 3 absorbs 15 kW at unity power factor. 

Calculate the equivalent impedance, Z, for the three parallel loads, for two cases: 

(i) Series combination of R and X, and (ii) parallel combination of R and X. 


2.29 


FIGURE 2.24 


System diagram for 
Problem 2.29 


2.30 


FIGURE 2.25 


Circuit for Problem 2.30 


2.3 
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Modeling the transmission lines as inductors, with Sij = 57, 


Compute $15, S34, S23, S32, and So3, in Figure 2.24. (Hint: complex power balance 
holds good at each bus, statisfying KCL.) 








Generator 
BUS 
cacing : Soo = 0.5 +j0.5 
A — LOA Symbol 
BUS Symbol S, PET 
5p = J —}1 : 





Transmission Line 
Symbol 






Figure 2.25 shows three loads connected in parallel across a 1000-V (RMS), 60-Hz 
single-phase source. 

Load 1: Inductive load, 125 kVA, 0.28PF lagging 

Load 2: Capacitive load, 10 kW, 40 kVAR 

Load 3: Resistive load, 15 kW 

(a) Determine the total kW, kvar, kva, and supply power factor. 

(b) In order to improve tbe power factor to 0.8 lagging, a capacitor of negligible resis- 
tance is connected in parallel with the above loads. Find the KVAR rating of that ca- 
pacitor and the capacitance in gf. 

Comment on the magnitude of the supply current after adding the capacitor. 





Consider two interconnected voltage sources connected by a line of impedance 
Z = jx €), as shown in Figure 2.26. 

(a) Obtain expressions for Pj; and Qj. 

(b) Determine the maximum power transfer and the condition for it to occur. 
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Circuit for Problem, 2.3] 
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FIGURE 2.26 
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2.32 In PowerWorld Simulator Problem 2.32 (see Figure. 2.27) a 10 MW/5 Mvar load 
is supplied at 20 kV through a feeder with an impedarice of 1.5 + j3 Q. The load is 
compensated with a capacitor whose output, Qu, can be varied in 0.5 Mvar steps 
between 0 and 10.0 Mvars. What value of Q.ap minimizes the real power line losses? 
What value of Q,,, minimizes the MVA power flow into the feeder? 
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Source Voltage = 21.29 kV 


Feeder Impedance = 1.5 + j3 Ohms 










Power into Feeder at Source 
10.31 MW 

5.94 Mvar 
11.90 MVA 







20.00 kV 
Feeder Losses = 0.312 MW 
0.937 Mvar 


ef. 
[Run Hode — ; Sotaan Animation. 


FIGURE 2.27 Screen for Problem 2.32 


2.33 For the system from Problem 2.32, plot the real and reactive line losses as Qu, is 
varied between 0 and 10.0 Mvars. 


2.34 


2.35 


FIGURE 2.28 


Circuit diagram for 
Problems 2.35 and 2.36 


2.36 


2.37 


FIGURE 2.29 
Circuit for Problem 2.37 
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For the system from Problem 2.32, assume that half the time the toad is 10 MW/S 
Mvar, and for the other half it is 20 MW/10 Mvar. What single value of Q.,, would 
minimize the average losses? Assume that Q,,, can.only be varied in 0.5 Mvar steps. 


SECTION 2.4 


For the circuit shown in Figure 2,28, convert the voltage sources to equivalent current 
sources and write nodal equations in matrix format using bus 0 as the reference bus: 
Do not solve the equations. 


1 020 20 2 


AD 






j50 


+ 
Es = 1.0/30°V (~) 


For the circuit shown in Figure 2.28, write a computer program that uses the sources, 
impedances, and bus connections as input data to (a) compute the 2 x 2 bus admit- 
tance matrix Y, (b) convert the voltage sources to current sources and compute the 
vector of source currents into buses } and 2. 


Determine the 4 x 4 bus admittance matrix and write nodal equations in matrix for- 
mat for the circuit shown in Figure 2.29. Do not solve the equations. 


4Q 


2 [30° A 


lp = 


Given the impedance diagram of a simple system as shown in Figure 2.30, draw the 
admittance diagram for the system and develop the 4 x 4 bus admittance matrix Ypus 
by inspection: 
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FIGURE 2.30 


System diagram for 
Problem 2.38 


2.39 


FIGURE 2.31 


Circuit diagram for 
Problem 2.39 


2.40 





(a) Given the circuit diagram m Figure 2.31 showing admittances and current sources 
at nodes 3 and 4, set up the nodal equations in matrix format. (b! If the parameters are 
given by: Y, = —/0.8 S, Yb = —j40 S, Ye = —j40 S, Ya = —j80 S, Y, = —j5.0S, 
Yr = —j2.5 S, Y, = —j0.8 S, J; = 1.0/—90? A, and J4 = 0.62/ -135° A, set up the 
nodal equations and suggest how you would go about solving for the voltages at the 
nodes. 
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SECTIONS 2.5 AND 2.6 


A balanced three-phase 208-V source supplies a balanced three-phase load. If the line 
current /4 is measured to be 10 A and is in phase with the [ine-to-hne voltage Vac, 
find the per-phase toad impedance if the load is (a) Y-connected, (b) A-connected. 


2.41 


2.42 


2.43 


2.44 


2.45 


2.46 


2.47 


2.48 ' 
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A three-phase 25-kVA, 208-V, 60-Hz alternator, operating under balanced steady- 
state conditions, supplies a line current of 20 A per phase at a 0.8 lagging power fac- 
tor and at rated voltage. Determine the power triangle for this operating condition. 


A balanced A-connected impedance load with (12 + 79) Q per phase js supplied bv a 
balanced three-phase 60-Hz, 208-V source. (a) Calculate the line current, the tota! real 
and reactive power absorbed by the load, the load power factor, and the apparent 
load power. (b) Sketch a phasor diagram showing the line currents, the line-to-]ine 
source voltages, and the A-load currents. Assume positive sequence and use Vap as the 
reference. 


A three-phase Jine, which has an impedance of (2+ j4) Q per phase, feeds two 
balanced three-phase loads that are connected in parallel. One of the loads js Y- 
connected with an impedance of (30 + j40) © per phase, and the other js A-connected 
with an impedance of (60 — j45) Q per phase. The line is energized at the sending end 
from a 60-Hz, three-phase, balanced voltage source of 1203 V (rms, line-fo-line). 
Determine (a) the current, real power, and reactive power delivered by the sending- 
end source; (b) the Iime-to-iine voltage at the load; (c) the current per phase in each 
load; and (d) the tota! three-phase real and reactive powers absorbed by each load and 
by the line. Check that the total three-phase complex power delivered by the source 
equals the tota] three-phase power absorbed by the line and loads. 


Two balanced three-phase loads that are connected in parallel are fed by a three-phase 
line having a series impedance of (0.4 + 72.7) Q per phase. One of the loads absorbs 
560 kVA at 0.707 power factor lagging, and the other 132 kW at unity power factor. 
The line-to-line voltage at the load end of the line is 2200/3 V. Compute (a) the lìne- 
to-line voltage at the source end of the line, (b) the total real and reactive power losses 
in the three-phase line, and (c) the total three-phase real and reactive power supplied at 
the sending end of the line. Check that the total three-phase complex power delivered by 
the source equals the total three-pbase complex power absorbed by the line and loads. 


Two balanced Y-connected loads, one drawing 10 kW at 0.8 power factor lagging and 
the other 15 kW at 0.9 power factor leading, are connected in parallel and supplied by 
a balanced three-phase Y-connected, 480-V source. (a) Determine the source current. 
(b) If the load neutrals are connected to the source neutral by a zero-ohm neutral wire 
through an ammeter, what will the ammeter read? 


Three identical impedances Za = 20/ 60? Q are connected in A to a balanced three- 
phase 480-V : source by three identical line conductors with impedance Zy = 
(0.8 + /0.6) Q per line. (a) Calculate the line-to-line voltage at the load terminals. 
(b) Repeat part (a) when a A-connected capacitor bank with reactance (—720) Q 
per phase is connected in parallel with the load. 


Two three-phase generators supply a three-phase load through separate three-phase 
lines. The load absorbs 30 kW at 0.8 power factor lagging. The line impedance is 
(1.4 + 71.6) Q per phase between generator G} and the load, and (0.8 + jl) Q per 
phase between generator G2 and the load. If generator Gl supplies 15 kW at 0.8 
power factor lagging, with a terminal voltage of 460 V line-to-line, determine (a) the 
voltage at the load terminals, (b) the voltage at the terminals of generator G2, and 
(c) the real and reactive power supplied by generator G2. Assume balanced operation. 


Two balanced Y-connected loads m parallel, one drawing 15 kW at 0.6 power factor 
lagging and the other drawing 10 KVA at 0.8 power factor leading, are supplied by a 
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2.49 


FIGURE 2.32 


General A~Y 
transformation 


2.50 


FIGURE 2.33 
Circuit for Problem 2.50 


balanced, three-phase, 480-volt source. (a) Draw the power triangle for each load and 
for the combined load. (b) Determine the power factor of the combined load and state 
whether lagging or leading. (c) Determine the magnitude of the line current from the 
source. (d) A-connected capacitors are now installed in paralle] with the combined 
load. What value of capacitive reactance is needed in each leg of the A to make the 
source power factor unity? Give your answer in Q. (e) Compute the magnitude of the 
current in each capacitor and the line current from the source. 


Figure 2.32 gives the general A-Y transformation. (a) Show that the general transfor- 
mation reduces to that given in Figure 2.16 for a balanced three-phase load. (b) Deter- 
mine the impedances of the equivalent Y for the following A impedances: Zag = /10, 
Zac = 720, and ZCA = —j25 Q. 


A A 
C Zon C 
a B 
Zac Zalo + Zac + ZcZA Z, = Zanca 
^B Ze. Zap + Zac + Zea 
A. = LaLa + Lele + Zo. Z = Zaačec 
se Zp Zag + Zec + Zea 
7. = lala t Zele + Zohn 2. = ZeaZec 
cA Ze Zas + Zgc + Zea 


Consider the balanced three-phase system shown in Figure 2.33. Determine vu; (rf) and 
b(t). Assume positive phase sequence. 


j0.1Q 
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2.52 


PROBLEMS 8l 


A three-phase line with an impedance of (0.2 + j1.0)Q/phase feeds three balanced 
three-phase loads connected in parallel. 

Load 1: Absorbs a total of 150 kW and 120 kVAR; Load 2: Delta connected with an 
impedance of (150 — j48)O/phase; Load 3: 120 kVA at 0,6 PF leading. If the line-to- 
neutral voltage at the load end of the line is 2000 v (RMS), determine the magnitude 
of the line-to-line voltage at the source end of the line. 


A balanced three-phase load is connected to a 4.16-kV, three-phase, four-wire, 
grounded-wye dedicated distribution feeder. The load can be modeled by an im- 
pedance of Zi = (4.7 + /9)Q/phase, wye-connected. The empedance of the phase 
conductors ts (0.3 + j1)O. Determine the following by using the phase A to neutral 
voltage as a reference and assume positive phase sequence: 

(a) Line currents for phases A, B, and C. 

(b) Line-to-neutral voltages for all three phases at the load. 

(c) Apparent, active, and reactive power dissipated per phase, and for all three phases 
in the load. | i 

(d) Active power losses per phase and for all three phases in the phase conductors. 
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Core and coil assemblies of 
a three-phase 20.3 kVA/345 
kVY step-up transformer. 
This oil-immersed 
transformer is rated 325 
MVA self-cooled ( OA)/542 
MVA forced oil, forced air- 
cooled (FOA)/607MVA 
forced oil, forced air-cooled 
(FOA) (Courtesy of 
General Electric) 
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POWER TRANSFORMERS 


The power transformer is a major power system component that permits 
economical power transmission with high efficiency and low series-voltage 
drops. Since electric power is proportional to the product of voltage and 
current, low current levels (and therefore low I?R losses and low IZ voltage 


drops) can be maintained for given power levels via high voltages. Power 


transformers transform ac voltage and current to optimum levels for genera- 
tion, transmission, distribution, and utilization of electric power. 

The development in 1885 by William Stanley of a commercially practi- 
cal transformer was what made ac power systems more attractive than dc 
power systems. The ac system with a transformer overcame voltage problems 
encountered in dc systems as load levels and transmission distances increased. 
Today's modern power transformers have nearly 100% efficiency, with rat- 
ings up to and beyond 1300 MVA. 
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In this chapter, we review basic transformer theory and develop equiv- 
alent circuits for practical transformers operating under sinusoidal-steady- 
state conditions. We look at models of single-phase two-winding, three-phase 
two-winding, and three-phase three-winding transformers, as well as auto- 
transformers and regulating transformers. Also, the per-unit system, which 
simplifies power system analysis by eliminating the ideal transformer wind- 
ing 1n transformer equivalent circuits, is introduced in this chapter and used 


throughout the remainder of the text. 





CASE STUDY 


The following article describes how electric utilities are focusing on extending the life of 


power transformers and paper-insufated-lead-covered cables. The life of power 
transformers can be extended by continuously removing aging and degradation products 
from the transformer oil as they are formed. Transformer health can be established 
through online monitoring, tests, inspections, and knowlédge of the transformer's age, 
known problems and operating history [8]. 


Life Extension and Condition 
Assessment 


NICK DOMINELLI, AVARAL RAO, AND 
PRABHA KUNDUR 


Utilities rely heavily on their infrastructure to pro- 
vide reliable power supply to customers. Some of 
the infrastructure in North America and Europe 
is getting old, and hence its reliability is seriously 
compromised. A large proportion of the assets are 
nearing their designed end of life or have already 
exceeded it In some utilities, more than 4076 of 
the substation transformers are more than 40 years 
old. Some of the underground distribution paper- 
insulated lead-covered (PILC) medium-voltage cables 
remain in service even though they have surpassed 
. their design life. The replacement of components of 
older infrastrücture will be prolonged as utilities are 
faced with budget and staff constraints. 

The current trend ís to optimize asset utilization 
by operating existing equipment at ever-higher ca- 


("Life Extension and Condition Assessment" by Nick 
Dominelli, Avaral Rao, and Prabha Kundur, IEEE Power & 
Energy (May/June 2006) pg. 24-35.) 


pacity levels, in many cases, exceeding hameplate 
ratings in order to defer capital investment in new 
facilities or in the refurbishment of existing facilities. 
Thus, many utilities have focused their efforts on 
developing methods to assess the condition of 
equipment in order to extend the life of existing 
infrastructure. In many cases, utilities are focusing 
their efforts on extending the life of power trans- 
formers and PILC cables because these components 
offer the greatest payback. 

Extending the life of transformers and PILC ca- 
bles will be possible only if utilities can assess their 
current condition or implement continuous mon- 
itoring measures. Over the last ten years, we have 
carried out many proiects to address these issues. 
We report here some of these activities. 


LIFE EXTENSION OF TRANSFORMERS 


Continuous online oil purification 
The insulation system of high-voltage power trans- 
formers consists of oil, paper, and other cellulose- 
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based solids. Throughout its service life, the insula- 
tion is subjected to numerous stresses, including high 
temperatures, vibration, electric ftelds, and expo- 
sure to moisture, oxygen, acids, and other chemical 
contaminants. 

As a result, over time a gradual loss in mechanical 
and dielectric properties will eventually compromise 
the unit’s reliability. The degradation is primarily 
a chemical process that is substantially accelerated 
by heat and the presence of oxygen and moisture. 
Moisture is particularly detrimental to paper, as it 
will initiate hydrolysis and scission of the cellulose 
chain. Oxygen attacks both paper and oil, producing 
acids and other polar compounds that promote 
further degradation. Ideally, these materials should 
be removed continuously so that they do not accu- 
mulate to the point where they can cause irrevers- 
ible damage to the paper. In addition, continuous 
removal promotes the migration of adsorbed prod- 
ucts from the paper to the oil, making the process 
more effective than traditional periodic reclamation. 

It is generally accepted that the useful life of 
transformers is determined by the residual strength 
of the cellulose insulation and not by its oil proper- 
ties. This is because the oil can be reconditioned by 
conventional treatment or simply replaced, but the 
paper degrades through an irreversible process of 
depolymerization. Therefore, by maintaining the oil 
at near-new conditions at all times, utilities can sig- 
níficantly prolong transformer life and considerably 
reduce the risk of dielectric breakdown, which is 
blamed for many of the extra-high-voltage power 
transformer failures. 


Laboratory studies 

Following extensive laboratory work, we found 
that a combination of selective adsorbents and hol- 
low fiber modules was effective in removing a mul- 
titudé of harmful products, including moisture, acids, 
polar oxidation products, oil and paper degradation 
próducts, oxygen, particles, and dissolved metals. 
Based on these results, a multipurpose online oil 
purification unit was built and tested. This consisted 
of particulate filters and adsorbent bed cartridges to 
remove acids, contaminants, and degradation prod- 
ucts. Oxygen was removed by using a hollow fiber 


membrane module that allowed dissolved gases to 
permeate through the walls of the membrane and 
into the housing. If the gases and other products are 
continuously removed from the shell side by apply- 
ing a vacuum or a stripping gas, equilibrium will 
never be achieved and the oil can be completely 
degassed. 

Two approaches were investigated to remove 
moisture from transformer oil. The first used a 
desiccant and was aimed at making treated oil vir- 
tually moisture free. [he second used a hollow fiber 
membrane module, which was already being used 
for degassing. In this case, the moisture removal 
from the transformer oil per pass would be only 
partial (up to 50%). 

Figure | shows the multipurpose online continu- 
ous ojl conditioning system prototype. The system 
was instrumented with gauges, thermocouples, and 
temperature and pressure switches, and plumbed 
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Figure Í 
A multipurpose continuous online oil purification unit 


prototype. 
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TABLE [ Test results of the multipurpose online continuous oil conditioning system prototype. 

Volume HO IFT NN PF Breakdown Col | DBPC Cu TE 

Treated ppm dyn/cm mgKOH/g 26 kV 26 ppm , °C 

(Liters) 

Incoming Qil 3 36.8 0.014 0.935 32 | 0.22 0.07 51.9 
110.7 <l 43.2 «QT 0.042 57 | 0.23 * 0.001 51.9 
575 <] 465 <Q. | 0.079 62 ( 0.23 0.01 41.5 
799 «| 42.1 «0.1 0.05] 60.9 | — 0.009 55.5 
1018 <] 41.6 «0.01 0.06 — } — — 47.2 





with bypass and diverting valves to allow the system 
to operate in the degassing/adsorption mode or only 
in the adsorption mode. 

. We evaluated this prototype unit in our high- 
voltage lab using a 500-kV power transformer. The 
properties of the oil at the outlet of the conditioning 
unit, as a function of treated oil volume, are shown 
in Table |. The results show that the properties of 
the treated oil are equal to or better than those of 
new oif. It is significant to notice that the oxidation 
inhibitor (DBPC) content is not depleted. 


Development and evaluation of dedicated field 
units 

Simpler or single-purpose units were developed and 
built for field application. Several of these prototype 
units Kave been developed and undergone extensive 
lab evaluation. These are stand-alone units designed 
for online unattended operation. They are equipped 
with fail-safe features and can be installed on an 
energized transformer in a few hours. The units 
are mounted on light two- or four-wheeled carts 
for portability in the substation. These are briefly 
described below. 


* Decontamination/dehydration: This unit is capable 
of continuously removing particles, moisture, 
oil, and paper degradation products and oxida- 
tion precursors from transformer oil. 

: Dehydration: This unit is capable of continu- 
ously removing moisture and particulates from 
transformer oil and is well suited for trans- 
former dry-outs and to keep them dry at all 
times. 


* Degassing/dehydration: This unit is capable of 
continuously removing dissolved gases, mois- 
ture, and particulates from transformer oil. 


The first two units have been installed in the field 
(Figure 2) and have undergone testing. The results 
are shown in Table 2. 

We are currently conducting accelerated aging 
tests with custom-built équipment to simulate power 
transformer conditions. These tests will quantify the 
technical and economic benefits of online continu- 
ous transformer oil purification. We are also ex- . 
tending the technique to remove coking precursors 
from arced load tap changer (LTC) oils. This will 





Figure 2 
A dehydration unit (left) and decontamination system 
(right) installed on 60-kV field transformers. 
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TABLE 2 Field results for the decontamination system installed on the 60-kV transformer. 


Oil Volume IFT PF 
Treated dyn/cm 76 

30 20.5 0.89 
12,917* 29.9 0.28 
31,620 342 0.07 
219,806* 35.5 0.07 
487 ,802* 38. 0.05 
506,897 41.8 0.06 
New Oil ; 39.5 <0.1 


*adsorbent cartridge replaced. 


help prevent premature failures due to coking and 
increase the maintenance interval for LTCs. 


EQUIPMENT HEALTH RATING OF POWER 
TRANSFORMERS 


Utility operation and planning personnel need tools 
to evaluate the state of their equipment in order 
to decide whether to reuse, refurbish, or replace it. 
We have developed a computer program to assist 
transformer specialists to assess transformers’ health 
consistently and reproducibly. The approach and 
logic of the program are designed to emulate that of 
the expert. 

The program automatically calculates and up- 
dates a transformer's health rating (EHRt) based on 
information from tests, inspections, operating his- 
tory, known problems, age, etc. A specialist can re- 
view and edit all the ratings at any time and then 
provide diagnostics and prescriptions to the pro- 
gram. The software then generates technical pre- 
scriptions that include an EHRt rating, required 
intervention, work duration, cost, technical benefits, 
and consequences. The program can also provide 
an overview of transformer health ratings for a se- 
lected station or substation or for the entire com- 
pany. A brief description of its functions follows. 


Database 

The program uses data from a database composed of 
the following categories: nameplate, known prob- 
lems, age and operating/maintenance history, labo- 
ratory tests (DGA, moisture in oil, furans and 
phenols, dielectric breakdown, IFT, DP of paper). 


NN Breakdown Polar 
mg/KOH kV Compounds 
0.07 37 2,050 

0.01 56 1,197 
0.01 51 323 
— 61 201 
— 62 102 
-— 49 59 
«0.01 45-55 90—100 


field tests (Doble, Core megger, winding insulation, 
winding resistance), internal inspections (leads, 
winding, insulation, core, yoke, etc.), and external 
inspection of all accessories (bushings, OLTC, 
DETC, tank, etc.). | 


Condition indicators 

The program divides the transformer into two 
categories: its main components (or indispens- 
able parts), consisting of core and coil, tank, de- 
energized tap changer, on-load tap changer, and 
accessories (replaceable parts), consisting of bush- 
ings, oil, radiator/heat exchanger, oil preservation 
system, pumps, fans, and gauges. These are collec- 
tively known as maintainable items. 

Each maintainable item has a series of tests (ti) 
and inspections associated with it for which the 
program calculates a condition indicator Ci (ti). 
These are combined to obtain separate indicators 


. for the main components Ci (main) and the acces- 


sories Ci (acc.), which are then combined to give 
the production unit condition indicator Ci (pu).-A 
condition indicator is also derived from each of the 
other data categories, including age and operating 
history Ci (age) and known problems Ci (kp). The 
condition indicator for known problems is derived 
from a list of known, documented conditions that 
are expected to shorten the transformer's lifespan. 
The Ci (age) is further refined by taking into account 
the transformer's loading and maintenance history. 
These condition indicators are then further com- 
bined to arrive at a final EHRt rating. The process is 
shown in Figure 3. 
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Figure 3 
A diagram showing the hierarchy for combining condition 
indicators. 


The program assigns four levels of EHRt values as 
illustrated in Table 3. 
Display 
The results are displayed at four levels. The top 
menu bar has buttons that allow the user to view 
details about specific equipment, to see summaries 
of test results or histograms of EHRt for a station 
or company, to view the technical prescriptions, 
and to enter data or edit tables and lists of Ci values, 
thresholds, etc. The other windows show: equip- 
ment information; EHRt ratings, along with color 
bars for the values; diagnostics and prescription; the 
evaluator and date; and comments. By selecting 


TABLE 3 Transformer EHRt rating levels and definitions. 
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Figure 4 
A top-level screen for EHR showing diagnostics and 
prescriptions. 


the condition indicator, the user can drill down 
to the second level screen, while the equipment 
selection is used to select specific equipment or all 
equipment at a location. A top-level display screen is 
shown in Figure 4. 

The second level shows the condition indicators 
for all main components and accessories from tests, 
inspections, and age and known problems, as shown 
in Figure 5. All Cis are displayed in color-coded bars 
and as numerical values. Each component, along 
with known problems and age, is linked to the third- 
level menu. If there are no results to display, the bar 
charts will be blank. Double-clicking any of the un- 
derlined maintainable items will bring up the third- 
level screen for the selected equipment. 








Code Name Rating Color Definition 

G Good 100-75 Green No noticeable deterioration or defects 

F Fair 74-50 Yellow Some deterioration or defects function not affected 

P i Poor 49—20 Orange Serious deterioration or defects in at least some 
portions of the asset: 

U Unsatisfactory «20 Red Extensive deterioration or defects no longer 


funcüons as designed 
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Figure 5 
A second-level screen for EHR showing condition 
indicators. 
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Figure 6 
A histogram of condition indicators for a substation. 


The third level shows the condition indicators 
for each test Ci (ti) associated with each component 
as well as diagnosis and prescriptions for that com- 
ponent. The fourth-level screen shows the actual 
test results and the associated condition indicator 
values, along with a selection of diagnostics and 
prescriptions to choose from. An important feature 
of the program is to provide global views of equip- 
ment health ratings. Figure 6 is a histogram of the 
EHRt rating distribution for an entire station. 


Review process 
The review process normally starts at the lowest- 
level screen and works its way up to the top screen. 








During the review process, the specialist can also 
assign diagnostic conditions and prescriptions for. 
each test or inspection result. These are combined 
and carried forward to the higher-level screen all 
the way up to the top-level screen. For each pre- 
scription, the expert may also complete a technical 
prescription sheet to provide managers with esti- 
mates of repair costs and work duration and infor- 
mation on the possible consequences. of not doing 
or delaying the work. 


THE USE OF CHEMICAL TRACERS TO 
DETERMINE THE EXTENT OF WEAR IN 
LTCS 


Most power transformers use LTCs to regulate the 
voltage output. These are mechanical devices and 
prone to wear. It has been estimated that a third of 
all transformer failures can be traced to faulty LTCs. 
Failure due to excessive contact wear may be 
averted if the extent of wear can be monitored. 


Principle and approach 

Two approaches were considered for detecting 
excessive contact wear. Both approaches involve 
embedding a tracer material at a predetermined 
depth into the contact. When the contact wears 
down sufficiently, the tracer materíal becomes ex- 
posed. in the first approach, the tracer material 
is released into the fluíd, where it can be detected 
by periodic off-line analysis. The second approach, 
better suited for online monitoring of arcing con- 
tacts, is to embed a dissimilar tracer metal in the 
contacts. The spectrum of the light emitted from 
the arc depends on the contact material. When the 
tracer metal is exposed to the arc, it will emit light 
at discrete wavelengths that can be detected by a 
specific sensor. This is the principle for online 
monitoring and is illustrated in Figures 7 and 8. 
The light emitted during arcing is filtered before 
being detected by a photodiode or photo multiplier. 
The optical filter is selected to allow only discrete 
wavelengths emitted by the tracer metal. In Figure 7, 
no signal is detected since the tracer material is 
not exposed, whereas in Figure 8, a signal is de- 
tected, indicating that the tracer material has been 
exposed. 
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Figure 7 
Online contact wear monitoring device (tracer metal not 
exposed). 
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Figure 8 
Online contact wear monitoring device (tracer metal 
exposed). 


Selection of suitable tracer materials 

Based on preliminary laboratory work, we selected 
several candidate tracer materials for further evalua- 
tion for off-line monitoring. These included magne- 
sium metal, perfluorocarbon liquids, and nanocrystal 
materials that fluoresce at a discreet wavelength. 
For online monitoring, lithium metal was selected 
since it has a strong emission bands in the red 
region of the spectrum (510 nm and 680 nm). 


Laboratory evaluation with an LTC 

A three-phase load tap changer (Federal Pioneer 
25 kV) was set up to mimic field conditions as they 
relate to arcing contacts. 
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Figure 9 
Fiber-optic setup in the LTC for online monitoring. 


TABLE 4 Custom contacts designed to hold tracer 
compounds. 





Name Tracer Material Rating 

Mg Magnesium metal Stationary contact 

Fluoro Perfluoro Stationary contact 

Litihm Lithium metal Stationary contact 

Nano Nanocrystals Moving contact 

Bromo Bromo compound Moving contact 
PTFE-Teflon Moving contact 


Teflon 





The switching rate was set at five times per min- 
ute. A fiber-optic cable was installed adjacent to 
the contact with the lithium implant (Figure 9). This 
was connected to a UV/VIS (ultraviolet/visible) 
spectrometer and a laptop computer for online 
monitoring. 

As part of our study, custom contacts were de- 
signed with cavities to hold the tracer compounds. 
These contacts have a relatively thin wear layer to 
reduce the time that it takes for the tracer com- 
pound to show up in the oil. They were designated 
as shown in Table 4. The contacts were installed in 
the LTC (three moving and three stationary). 


Testing and monitoring program 
Following the collection of initial oil samples, the 
LTC was energized, and the accelerated switching 
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Figure 10 
Arcing contacts after 69,000 switching operations. 


program commenced. The switching and sampling 
program continued for 69,000 switch operations. 
At that point, the LTC was de-energized, the oil 
drained, and the contacts examined. A picture of 
the worn-out contacts is shown in Figure 10, which 
shows that three of the six contacts had been 
breached. These included the two containing or- 
ganic liquid tracers and the one containing nano- 
crystals. The three breached contacts were replaced 
with two conventional contacts and one with nano- 
crystals, the oil was returned to the LTC, and the 
- Switching program resumed. 

" Analysis of the oil for the organic tracer com- 
pounds clearly revealed their presence, indicating 
that the contacts had been breached after about 
60,000 switching operations. The same result was 
obtained for the nanocrystals. 

Online monitoring of the arcing contact with the 
lithium tracer indicated that it had been breached 
after the switching program was resumed. Figure | ! 
shows typical emission spectra of the contact at 
discreet intervals of the switching program. Jhe 
characteristic emission line monitored at 671 nm 
is marked with a green line. VVe can see that no 
emission is present before the contact was breached 
[Figure |1(a)]. However, it is clearly present in Fig- 
ure | (b) and (c), presumably after breaching. 


Field trials and beta testing program 
We are currently carrying out field tests at a sub- 
station in our system using a voltage regulator that 
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Figure 1] 

Emission spectrum of arcing contact (a) at start (b) after 
approximately 80,000 switches, and (c) as in (b) with a 
more intense arc. 


has been equipped with custom-designed contacts 
suitable for both off-line and online monitoring. The 
unit is set up for accelerated switching in order to 
breach the contacts in a short interval. 

In addition, we are participating in an EPRI- 
sponsored program to test the Informer Series 
contacts in order to validate product reliability 
under field service conditions. This program is still 
in progress, and the results wili be reported at a 
later date. 


CONDITION ASSESSMENT OF PILC CABLES 


The integrity of the PILC cables used in the under- 
ground distribution system depends on the condi- 
tion of its paper insulation and lead sheath. During 
the operation of PILC cables, heating occurs as cur- 
rent is transmitted through the conductor. Conse- 
quently, the temperature of the insulation and Jead 
sheathing slowly increases. Since the loading is cy- 
clical, the PILC cables are exposed to heating and 
cooling cycles. The rise in temperature and thermal 
cycling can introduce cracks on the lead sheath of 
PILC cables (Figure 12). From 2000-2003, Power- 
tech developed many diagnostic tests to assess the 
condition of both the oil-paper insulation system 
and the lead sheath. We explored electrical and 
chemical diagnostic techniques to assess the con- 
dition of oil-paper insulation and developed non- 
destructive testing (NDT) methods to evaluate the 
condition of the lead sheath. 

The lead sheath of medium-voltage PILC cables is 
perhaps the most critical factor in determining the 
integrity of the cable, since most cable failures are 
directly related to lead sheath damage. This damage 
usually occurs in the form of cracks due to the syn- 
ergistic effects of creep and fatigue or of surface 
damage from mechanical abrasion and corrosion. 
Once a crack occurs on the lead sheath, moisture 
from the surrounding underground environment 
invariably penetrates into the oil-paper insulation, 





Figure 12 
Cracked lead sheath of a PILC cable. 
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degrading its dielectric strength and subsequently 
leading to cable failure. Nearly half of the damage on 
the lead sheath of PILC cables develops in the cable 
chambers (manholes). If the condition of the lead 
sheath can be detected before cracks occur, then 
measures can be taken to avoid such failures. Since 
PILC cables are easily accessible in manholes, in- 
spections of the lead sheath can be performed there 
using NDT methods. 

The lead sheath of PILC cables is commonly vi- 
sually inspected for damage. This technique is quick 
and inexpensive, but it cannot detect defects that 
are invisible to the naked eye. Hence, there is a need 
to identify better NDT methods to inspect the lead 
sheath of PILC cables. NDT methods such as dye 
penetrant inspection, eddy current inspection, and 
in situ metallographic examination are used to ex- 
amine the surface of the nonferrous metallic com- 
ponents. We have successfully applied these NDT 
methods to examine the surface of the lead sheath 
of PILC cables. These three techniques are ex- 
plained next. 


Liquid dye penetrant inspection 

Liquid dye penetrant inspection is a nondestructive 
testing method used to detect surface breaking de- 
fects in any nonporous material. Liquid dye pene- 
trant is applied to the surface and drawn into sur- 
face defects by capillary action. Once a preset dwell 
time has passed, excess liquid is removed, and a de- 
veloper is applied to draw out the penetrant from 
the defects. A visual inspection is then performed. 
The liquid dye may be either visible or fluorescent. If 
a visible dye is used, cracks or surface defects show 
up as red visible indications; if a fluorescent dye is 
used, surface defects are visible under ultraviolet 
(UV) light. Figure 13 illustrates the liquid dye pene- 
trant inspection procedure. 

The fluorescent dye penetrant inspection method 
has worked well in detecting surface defects on the 
lead sheath. A surface crack |-mm deep on the lead 
sheath of a PILC cable sample was intentionally cre- ` 
ated, and the surface of the lead sheath was exam- 
ined using the fluorescent dye penetrant inspection 
method. The defect is clearly visible under ultravio- 
let (UV) light (Figure 14). 


92 CHAPTER 3. POWER TRANSFORMERS 


p H tore 
TÀ Lot 
bk 2; E 
- z i v. 
A > Bow HN t» VA: x 
3 F mT ee 22 "ER 
? < po » un lem XXE sd 
| REN m for v = OSes 
Tam Pe I ema” Mar um o. E ^ Se 
^ BS toate UE. uv ve on x 


Visible 
Indications 





Figure {3 

A = surface crack; B = liquid dye penetrant is applied on 
the surface; C = excess dye is wiped off, leaving dye in 
the crack; D = developer is applied on the surface; and 
E = cracks show up as colored indications {red under 
ambient light or fluorescent indications under ultraviolet 
fight). 





Figure 14 
An artificial crack (1-mm deep) on the lead sheath of a 
PILC cable sample. | 


Since the lead sheath of the PILC cable is acces- 
sible in manholes, the fluorescent dye inspection 
method can be easily adopted for field inspections. 
The British Columbia Hydro distribution system in- 
troduced this technique to assess the condition of 
the lead sheath of old distribution PILC cables. One 


Figure 15 
The detection of cracks on the lead sheath of PILC cable 
through florescent dye penetrant inspection. | 


of the findings of that examination is shown in Fig- 
ure 15. The bright lines correspond to cracks on the 
surface of the lead sheath. These are very fine cracks 
that are not visible to the naked eye. Thus, the flu- 
orescent dye penetrant examination method is an 
excellent live-line inspection tool to assess the con- 
dition of the lead sheath of PILC cables. 


Eddy current inspection 

Eddy current inspection is a nondestructive testing 
method based on the principle of electromagnetic 
induction of metallic materials to detect surface and 
near-surface discontinuities, When alternating cur- 
rent (ac) current flows in a coi! (probe coil) close to 
the surface of a conducting material, an eddy cur- 
rent is induced on its surface. These currents flow in 
closed loops. The magnitude and phase of the eddy 
current affect the impedance of the coil. A surface 
crack immediately underneath the coil interrupts 
the eddy current, which in turn increases the im- 
pedance of the coil. This phenomenon makes it 
possible to monitor the voltage across the coil and, 
thus, to detect surface cracks on the conducting 
material. Changes in the eddy current are displayed 
on an impedance phase diagram in ‘a cathode! ray 
tube (CRT). Changes caused by the instrument op- 
erator, such as the distance between the probe coil 
and test piece, will cause a horizontal shift (lift-off) 





Figure 16 
(a) Display on CRT when (b) moving the eddy-current 
probe over a series of simulated cracks of varying depths. 


in the spot forming the trace, while the presence 
of any cracks or flaws will cause the spot to move 
vertically. The output of the trace is shown in Figure 
| 6. 

The most important part of the eddy current in- 
spection is the selection of its probe coil. The shape 
of the probe coil largely depends on the purpose 
of the inspection and the shape of the part being 
inspected. A "pencil probe" is a single-coil surface 
probe, which is commonly used for the inspection 
of surface defects. 

Powertech used an eddy current instrument with 
a pencil probe to develop a technique to inspect the 
lead sheaths. Initial experiments were carried out on 
sheaths of small samples in the laboratory to opti- 
mize the probe. After many iterations, we found that 
a simple transformer-type differential probe was 
best suited to inspect the surface condition of the 
lead sheaths of PILC cables. A good signal-to-noise 
response was obtained between 50—500 kHz fre- 
quencies. A calibration sample of the PILC cable was 
made to optimize the eddy current inspection tech- 
nique. Using a. precision knife used for woodcarving 
and model-building crafts, three cracklike incisions 
(1-, 2-, and 3-mm deep) were made on the surface 
of the lead sheath. The impedance phase diagram of 
one of the cracks on the lead sheath is shown in 
Figure 17(a). To find the range of the eddy current 
inspection technique, the same cable sample was 
inspected after covering the cracked area with a 
plastic jacket. Figure 17(b) shows the impedance 
phase diagram of the crack on the lead sheath with 
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Figure 17 

(a) Impedance phase diagram of 3-mm-deep crack on the 
lead sheath. (b) Impedance phase diagram of a 3-mm- 
deep crack on the lead sheath with a plastic cover. 


the jacket. This observation clearly indicates that 
the eddy current inspection can detect cracks on 
the lead sheath of PILC cables with or without the 
plastic jacket. 

Currently, efforts are underway to assess the use 
of this technique for live-line inspections of the lead 
sheath of PILC cables in the field. 


In situ metallographic examination 

Metallurgical microstructure, such as grain size, plays 
an important role in the life of the lead sheath of 
PILC cable. The grain size of the lead sheath can be 
assessed through metallographic examination. In situ 
metallographic examination, in accordance with the 
ASTM (American Society for Testing and Materials) 
E 135] standard, has been extensively used to eval- 
uate the metallographic features of metallic compo- 
nents, This is a nondestructive sampling procedure 
that records and preserves the microstructure as a 
negative relief on a plastic film. 

We have adopted this technique, originally pro- 
posed by CIGRE Working Group 21.05, to assess 
the condition of the lead sheath of aging PILC cables 
through grain size measurements. The main purpose 
of the examination is to determine whether the 
lead sheath has undergone substantial grain growth 
during Service. The grain size of the lead sheath is 
known to play an important role in resisting the . 
synergistic effects of creep and fatigue damage. 

Some experiments of in situ metallographic. 
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Figure 18 
Lead sheath sample: replicating film and replica mounted 
on the glass plate. 


examination were carried out on cable samples 
removed from the fteld. The surface of the lead 
sheath, approximately 12 mm x 18 mm, was cleaned 
using an industrial solvent such as acetone. Sub- 
sequently, the cleaned surface was hand-ground and 
polished to obtain a mirror-finish surface. The pol- 
ished surface was then etched using cotton wooi 
soaked with a freshly prepared solution containing 
75 mm glacial acetic acid and 25 ml hydrogen per- 
oxide. The etching solution was allowed to remain 
on the surface for 20—30 s, after which the surface 
was cleaned thoroughly with distilled water to re- 
move any residue left by the etching solution and 
then dried using isopropyl alcohol. Subsequently, a 
replica of the etched surface was taken using cellu- 


lose acetate replicating film and acetone. The replica. 


was permanently mounted on a glass slide using ad- 
hesive tape, and the replicating surface was coated 
with a thin. layer of gold palladium in a vacuum 
coatíng unit, Figure 18 shows the prepared cable 
sample, along with the replicating film and replica. 

The microstructure obtained from this replica 
was compared with the actual microstructure ob- 
tained through the conventional . metallographic 
technique. Figure 19(2) and (b) shows these two 
microstructures and demonstrates that.the in situ 
metallographic technique can replicate the micro- 
structure of the lead sheath. 








Figure 19 

(a) The microstructure of the lead sheath from the 
conventional method. (b) The microstructure Of the lead 
sheath from the replica. 
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Figure 20 
Microstructure of the lead sheath of a cable using the in 
sicu metallographic technique. 


Recently, this technique has been used to assess 
the condition of the lead sheath of a cable in the 
field. The clarity of the microstructure obtained 
from the replica, shown in Figure 20; appears to be 
very good. Hence, it is feasible to use the in situ 
metallographic technique to assess the condition of 
the lead sheath of PILC cables. Hence, this tech- 


nique can be successfully used in the fteld to assess 
the grain size and condition of the lead sheath of 
PILC cables. 


‘CONCLUSIONS 


Extending the life of aging infrastructure requires 
the use of noninvasive condition assessment and 
online preventive techniques that can be easily im- 
plemented in the field. The condition of in-service 
transformers and the lead sheath of aging under- 
ground PILC cables can be assessed using innovative 
inspection and monitoring techniques. 

The useful life of power transformers can be ex- 
tended by continuously removing aging and degra- 
dation products from the oil as they are formed. The 
health of transformers can be established with the 
help of custom software that uses a combination of 
oil and field tests, inspections, age, operating con- 
ditions, and known problems. The erosion of the 
LTC arc tip of the transformer can be easily moni- 
tored off-line through the use of chemical tracers or 
online by embedding lithium in the contacts and ex- 
amining the emitted arc light. 

The lead sheath of aging PILC cables can be as- 
sessed using conventional nondestructive inspection 
techniques. Surface cracks or defects on the lead 
sheath of PILC cables can be detected using the 
fluorescent dye penetrant inspection method. The 
surface of the lead sheath of PILC cables can also be 
examined using an eddy current inspection method. 
The microstructure of the lead sheath can be as- 
sessed using the in situ metallographic (replica) in- 
spection technique. 

Such condition monitoring, assessment, and 
life extension techniques will help utilities decide 
whether an aging transformer or underground PILC 
distribution cable can be operated reliably beyond 
its design life. 
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THE IDEAL TRANSFORMER 


Figure 3.1 shows a basic single-phase two-winding transformer, where the 
two windings are wrapped around a magnetic core [1, 2, 3]. It is assumed 
here that the transformer is operating under smusoidal-steady-state excita- 
tion. Shown in the figure are the phasor voltages Ej; and E» across the wind- 
ings, and the phasor currents 7, entering winding 1, which has N, turns, and 
h leaving winding 2, which has N» turns. A phasor flux ®, set up in the core 
and a magnetic field intensity phasor H, are also shown. The core has a 


FIGURE 3.1 
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two-winding transformer 


winding 1 
(N, turns) 








Core permeability pe 


Core cross-sectional area, A. 


Mean length of the magnetic circuit, Z, 


winding 2 
(N; turns) 





FIGURE 3.2 


Schematic representation 
of a single-phase two- 
winding transformer 
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cross-sectional area denoted ÀA., a mean length of the magnetic circuit /,, and 
a magnetic permeability yz, assumed constant. 
For an 1deal transformer, the following are assumed: 


1. The windings have zero resistance; therefore, the I?R losses in the 
windings are zero. 


2. The core permeability p, 1s infinite, which corresponds to zero core 
reluctance. 


3. There is no leakage flux; that is, the entire flux ®, is confined to the 
core and links both windings. 


4. There are no core losses. 


A schematic representation of a two-winding transformer is shown in 
Figure 3.2. Ampere's and Faraday's laws can be used along with the preced- 


ing assumptions to derive the ideal transformer relationships. Ampere's law 


states that the tangential component of the magnetic field intensity vector in- 
tegrated along a closed path equals the net current enclosed by that path; that 
1S, 


b Hian dl = Knclosed (3.1.1) 


If the core center line shown in Figure 3.1 1s selected as the closed path, 
and if H, is constant along the path as well as tangent to the path, then 
(3.1.1) becomes | 


Help = NUS — Noh (3.1.2) 


Note that the current A is enclosed N; times and J, is enclosed V) 
times, one time for each turn of the coils. Also, using the right-hand rule*, 
current J; contributes to clockwise flux but current J contributes to counter- 
clockwise flux. Thus, in (3.1.2) the net current enclosed is NJ) — Nah. For 
constant core permeability u,, the magnetic flux density B. within the core, 


-also constant, 1s 


l 


* The right-hand rúle for a coil is as follows: Wrap the fingers of your rigbt hand around the coil 


in the direction of the current. Your nght thumb then points in the direction of the flux. 
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B.=p,H, Wb/m? (3.1.3) 
and the core flux Gb, is 
P, = B.A, Wb (3.1.4) 
Using (3.1.3) and (3.1.4) in (3.1.2) yields 
IN l 
Nu, -Mb5-LhBlu = (Jo. 3.1.5 
141 2 /u LA, ( ) 


We define core reluctance R, as 
le 


= TA, (3.1.6) 
Then (3.1.5) becomes 
Nili — Nih = R.®, (3.1.7) 


Equation (3.1.7) can be called “Ohm’s law" for the magnetic circuit, 
wherein the net magnetomotive force mmf = MiA — Nah equals the product 
of the core reluctance R, and the core flux ®,. Reluctance R., which impedes 
the establishment of flux in a magnetic circuit, is analogous to resistance in 
an electric circuit. For-an ideal transformer, 4. is assumed infinite, which, 
from (3.1.6), means that Re is zero, and (3.1.7) becomes 


Nu = Nah (3.1.8) 


In practice, power transformer windings and cores are contained within 
enclosures, and the winding directions are not visible. One way of conveying 
winding information is to place a dot at one end of each winding such that 
when current enters a winding at the dot, it produces an mmf acting in the 
same direction. This dot convention is shown in the schematic of Figure 3.2. 
The dots are conventionally called polarity marks. 

Equation (3.1.8) is written for current J entering tts dotted terminal and 
current J leaving its dotted terminal. As such, J; and J) are in phase, since 
h = (N2/N1)4. If the direction chosen for 7; were reversed, such that both 
currents entered their dotted terminals, then 7, would be 180? out of phase 
with J 2. : 
Faraday's law states that the voltage e(f) induced across an N-turn 
winding by a time-varying flux ¢(¢) linking the winding ts 


e(t) =o | (3.1.9) 


Assuming a sinusoidal-steady-state flux with constant frequency c, and rep- 
resenting e(t) and g(t) by their phasors E and ©, (3.1.9) becomes 


E = N(jw)® 2 (3.1.10) 


For an ideal transformer, the entire flux 1s assumed to be confined to 
the core, linking both windings. From Faraday's law, the induced veltages 
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across the windings of Figure 3.1 are 


E, = Ni (joð. | (3.1.11) 

E; = No(jw)®, (3:1-12) 
Dividing (3.1.11) by (3.1.12) yields 

E M 

IIO 1.1 

EN (3.1.13) 
Or 

E, E 

MER (3.1.14) 


The dots shown in Figure 3.2 indicate that the voltages E, and E>, both of 
which have their + polarities at the dotted terminals, are in phase. If the 
polarity chosen for one of the voltages in Figure 3.1 were reversed, then Ej 
would be 180° out of phase with E». 

The turns ratio a, 1s defined as follows: 


adi 
=F 


Using a, in (3.1.8) and (3.1.14), the basic relations for an ideal single-phase 
two-winding transformer are 


d, (3.5153) 


N 

Ei = e E^ = a, E» (3.1.16) 
N> L 

hD2l—|b5b--— 3.1.17 


Two additional relations concerning complex power and impedance can 
be derived from (3.1.16) and (3.1.17) as follows. The complex power entering 
winding | in Figure 3.2 is 


i EM (3.1.18) 
Using (3.1.16) and (3.1.17), 


S1 = E = (a Ea) (2) = Eyl; = $5 (3.1199 
t 


As shown by (3.1.19), the complex power S, entering winding | equals the 
complex power S leaving winding 2. That is, an ideal transformer has no 
real or reactive power loss. l 

If an impedance Z, is connected across winding 2 of the ideal trans- 
former in Figure 3.2, then 


Ez 


-7 (3.1.20) 


Z2 
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This impedance, when measured from winding 1, is 
Ei ar E» 2 N ? 


Thus, the impedance Z5 connected to winding 2 1s referred to winding 1 by 
multiplying Z, by a2, the square of the turns ratio. 





EXAMPLE 3.1 Ideal, single-phase two-winding transformer 


A single-phase two-winding transformer is rated 20 kVA, 480/120 V, 60 Hz. 
A source connected to the 480-V winding supplies an impedance load con- 
nected to the 120-V winding. The load absorbs 15 kVA at 0.8 p.f. lagging 

when the load voltage is 118 V. Assume that the transformer is ideal and cal- 
culate the following: 


a. The voltage across the 480-V winding. 

b. The load impedance. | 

c. The load impedance referred to the 480-V winding. 

d. The real and reactive power supplied to the 480-V winding. 


SOLUTION 


a, The circuit is shown in Figure 3.3, where winding 1 denotes the 480-V 
winding and winding 2 denotes the 120- V. winding. Selecting the load volt- 
age E» as the reference, | 


E = 118/0° V 
The turns ratio is, from (3.1.13), 


Ni — Etrated E 480 — 
N2 Ema 120 


and the voltage across winding 1 is 
E; = a,E, = 4(118/0°) = 472/0° V 


A = 4 


| 
15,000 /36.87° VA 
127.12 /-36.87^ A 


FIGURE 3.3. S, —- — S, 


H 


h — 


JI 


Circuit for Example 3.1 


E = 118 /0° V 





FIGURE 3.4 


Schematic representation 
of a conceptual single- 
phase, phase-shifting 
transformer 
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po 
b. The complex power S absorbed by the load 1s 
Sı = EaI” = 1187% = 15,000/cos ! (0.8) = 15,000/36.87° VA 
Solving, the load current 7; is 


h = 127.12/—36.87° A 


The load impedance Z; is 


x, aH MP 
b 127.12/-36.87° 
c. From (3.1.21), the load impedance referred to the 480-V winding is 
Z} = a? Z, = (4)°(0.9283/36.87°) = 14.85/36.87° Q 
d. From (3.1.19) 
Sı = $5 = 15,000/36.87° = 12,000 + 79000 
Thus, the real and reactive powers supplied to the 480-V winding are 
P, = Re S, = 12,000 W = 12 kW 
Q, = Im Sı = 9000 var = 9 kvar a 


= 0,9283/36.87" Q 


Figure 3.4 shows a schematic of a conceptual single-phase, phase-shifting 
transformer. This transformer is not an idealization of an actual transformer 
since it is physically impossible to obtain a complex turns ratio. It will be used 
later in this chapter as a mathematical model for representing phase shift of 
three-phase transformers. As shown in Figure 3.4, the complex turns ratio a, is 
defined for the phase-shifting transformer as 

L 
a, = t Y 


(3.1.22) 


$,—- —- S, 
+ 4 
h —» + 3 =o b 
E, E 
ei 1 
a E elo 


E, = aE, = e/*E, 


j 
l = 2s = eie], 
2 
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3.2 


FIGURE 3.5 


Equivalent circuit of a 
practica) single-phase 
two-winding transformer 


where ø is the phase-shift angle. The transformer relations are then 


E; = aE = e” E; (351-23) 
ie 2 — eL (3.1.24) 


t 


Note that the phase angle of E; leads the phase angle of E, by ¢. Similarly, 
I, leads A by the angle ¢. However, the magnitudes are unchanged; that is, 
|Ei| = [E| and |A] = [h]. | 

From these two relations, the following two additional relations are 
derived: 


I * 
S1 = Bi = (a, Ez) (2) = Ely = S» (3:1:25) 
t 
E E 
Ze a an (3.1.26) 
© A ty 


í 


Thus, impedance is unchanged when it is referred from one side of an ideal 
phase-shifting transformer to the other. Also, the ideal phase-shifting trans- 
former has no real or reactive power losses since Sı = S5. 

Nore that (3.1.23) and (3.1.24) for the phase-shifting transformer are 
the same as (3.1.16) and (3.1.17) for the ideal physical transformer except for 
the complex conjugate (*) in (3.1.24). The complex conjugate for the phase- 
shifting transformer is required to make Sı = S (complex power into wind- 
ing 1 equals complex power out. of winding 2), as shown in (3.1.25). 


EQUIVALENT CIRCUITS FOR PRACTICAL 
TRANSFORMERS 


Figure 3.5 shews an equivalent circuit for a practical single-phase two-winding 
transformer, which differs from the ideal transformer as follows: 
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]. The windings have resistance. 

2. The core permeability u, is finite. 

3. The magnetic flux is not entirely.confined to the core. 
4. There are real and reactive power losses 1n the core. 


The resistance Ry is included in series with winding 1 of the figure to- 
account for I^R losses in this winding. A reactance Xi, called the leakage re- 
actance of winding 1, is also included in series with winding 1 to account for 
the leakage flux of winding 1. This leakage flux 1s the component of the flux 
that links winding 1 but does not link winding 2; it causes a voltage drop 
Ij (X4), which is proportional to J; and leads /; by 90°. There is also a reac- 
tive power loss I7 X; associated with this leakage reactance. Similarly, there is 
a resistance R» and a leakage reactance X» in series with winding 2. 

Equation (3.1.7) shows that for finite core permeability 4, the total 
mmf is not zero. Dividing (3.1.7) by Nj and using (3.1.11), we get 


R, R, Ei à R. 
Hh — I, =—-®, = — [| —— | =- E 221 
| e JE Ni Ny or) s) : on 


Defining the term on the right-hand side of (3.2.1) to be Zm., called magnetiz- 
ing current, it is evident that 7,, lags E, by 90°, and can be represented by a - 
Ro 
ETE 
wNe 
there is an additional shunt branch, represented by a resistor with conduc- 
tance G. mhos, which carries a current 7,, called the core loss current. 7, 1s m 

phase with Ej. When the core loss current J, is included, (3.2.1) becomes 





shunt inductor with susceptance B,, = | mhos.* However, in reality 


It CL = l, + Im = (Ge = JB) (3.23) 
] 


The equivalent circuit of Figure 3.5, which includes the shunt branch 
with admittance (G, — /B,,) mhos, satisfies the KCL equation (3.2.2). Note 
that when winding 2 is open (h = 0) and when a sinusoidal voltage V4 1s 
applied to winding !, then (3.2.2) indicates that the current 7, will have two 
components: the core loss current 7, and the magnetizing current /,,. Asso- 
ciated with J, is a real power loss I2/G, = E7G, W. This real power loss ac- 
counts for both hysteresis and eddy current losses within the core. Hysteresis 
loss occurs because a cyclic variation of flux within the core requires energy 
dissipated as heat. As such, hysteresis loss can be reduced by the use of spe- 
cial high grades of alloy steel as core material. Eddy current loss occurs 
because induced currents called eddy currents flow within the magnetic core 
perpendicular to the flux. As such, eddy current loss can be reduced by con- 


*The units of admittance, conductance, and susceptance, which in the SI system are siemens 
(with symbol S); are also called mhos (with symbol U) or ohms~! (with symbol Q7'), 
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FIGURE 3.6 


Equivalent circuits for a 
practical single-phase 
two-winding transformer 





(a) Rz and X, are referred to winding 1. 


l — Regi ]Xaq: ' — h 


$ + 


NON 








(b) Neglecting exciting current 


f — Xaa — h 





(c) Neglecting exciting current and ^R winding loss 


structing the core with laminated sheets of alloy steel. Associated with J, 1s a 
reactive power loss I2/B,, = E}B,», var. This reactive power is required to 
magnetize the core. The phasor sum (J, + 7,,) is called the exciting current Te. 

Figure 3.6 shows three alternative equivalent circuits for a practical 
single-phase two-winding transformer. In Figure 3.6(a), the resistance R; and 
leakage reactance X» of winding 2 are referred to winding | via (3.1.21). In 
Figure 3.6(b), the shunt branch is omitted, which corresponds to neglecting the 
exciting current. Since the exciting current is usually less than 5% of rated cur- 
rent, neglecting it in power system studies is often valid unless transformer effi- 
ciency or exciting current phenomena are of particular concern. For large 
power transformers rated more than 500 kVA, the winding resistances, which 
are small compared to the leakage reactances, can often be neglected, as shown 
in Figure 3.6(c). | 

Thus, a practical transformer operating in sinusoidal steady state is 
equivalent to an ideal transformer with external impedance 'and admittance 
branches, as shown in Figure 3.6. The external branches can be evalu- 
ated from short-circuit and open-circuit tests, as illustrated by the following 
example. 


EXAMPLE 3.2 


FIGURE 3.7 


Circuits for Example 3.2 
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Transformer short-circuit and open-circuit tests 


A single-phase two-winding transformer is rated 20 kVA, 480/120 volts, 
60 Hz. During a short-circuit test, where rated current at rated frequency is 
applied to the 480-volt winding (denoted winding 1), with the 120-volt wind- 
ing (winding 2) shorted, the following readings are obtained: V, = 35 volts, 
P, = 300 W. During an open-circuit test, where rated voltage is applied to 
winding 2, with winding ! open, the following readings are obtained: I, = 
12 A, P, = 200 W. | 


a. From the short-circuit test, determine the equivalent series imped- 
ance Ze = Regi + jXeqi referred to winding 1. Neglect the shunt 
admittance. 


b. From the open-circuit test, determine the shunt admittance Y,, = 
G, — jB, referred to winding 1. Neglect the series impedance. 


SOLUTION 


a. The equivalent circuit for the short-circuit test is shown in Figure 3.7(a), 
where the shunt admittance branch is neglected. Rated current for winding 


1 1s 
Saed 20 x 10? 
lined = L—— -—-—— = 41.667 A 
er | ee 480 
Regi; Zeq); and Xeqgi are then determined as follows: 
E l 
Rea ==— = 30 20128 Q 


I?.4 (41667)? 


h = hiratad 


5 » 6 


480 : 120 


(a) Short-circuit test (neglecting shunt admittance) 


ae 
we. b 





+ 


Va = 120/0° 


480 120 


(b) Open-circuit test (neglecting series impedance) 
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Vi 35 


ZL, = — = —— 
eai Inasa — 41.667 


= 0.8400 Q 


Xeqi = y Zin — Req) = 0.8220 Q 
Zegt = Regi + JXeqi = 0.1728 + j0.8220 = 0.8400/78.13° Q 
b. The equivalent circuit for the open-circuit test 1s shown in Figure 3.7(b), 
where the series impedance is neglected. From (3.1.16), 


Ni 480 


Vi = E = aE; = N, 24 = 199 


(120) = 480 volts 


G., Y,,, and B,, are then determined as follows: 


" | 
G, = Eso = 0.000868 S 
Vi (480) 
Q. 
= ! a — 
[Yn = Vi amo 0.00625 S 


B, = /Y2 — G? = ,/ (0.00625)? — (0.000868)? = 0.00619 S 


Ym = Ge — jB,, = 0.000868 — j0.00619 = 0.00625/—82.022 S ` 


Note that the equivalent series impedance is usually evaluated at 
rated current from a short-circuit test, and the shunt admittance is eval- 
uated at rated voltage from an open-circuit test. For small variations in 
transformer operation near rated conditions, the 1mpedance and admit- 
tance values are often assumed constant. = 


_ The following are not represented. by the equivalent circuit of Figure 
a 
| 1. Saturation 
2. Inrush current 
3. Nonsinusoidal exciting current 
4. Surge phenomena 


They aré briefly discussed in the following sections. 


SATURATION 


In deriving the equivalent circuit of the idea] and practical transformers, we 
have assumed constant core permeability ø, and the linear relationship 
B, = n. H, of (3.1.3). However, the relationship between B and H for ferro- 


FIGURE 3.8 


B-H curves for M-5 


grain-oriented electrical 
steel 0.012 in. thick 
(Reprinted with 
permission of AK. 

Steel Corporation) 
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magnetic materials used for transformer cores 1s nonlinear and multivalued. 
Figure 3.8 shows a set of B-H curves for a grain-oriented electrical steel typ- 
ically used in transformers. As shown, each curve 1s multivalued, which is 
caused by hysteresis. For many engineering applications, the B—H curves can 
be adequately described by the dashed line drawn through the curves in 
. Figure 3.8. Note that as H increases, the core becomes saturated; that is, the 
curves flatten out as B increases above 1 Wb/m*. If the magnitude of the 
voltage applied to a transformer is too large, the core will saturate and a high 
magnetizing current will flow. In a well-designed transformer, the applied 
peak voltage causes the peak flux density in steady state to occur at the knee 
of the B-H curve, with a corresponding low value of magnetizing current. 


INRUSH CURRENT 


When a transformer is first energized, a transient current much larger than 
rated transformer current can flow for several cycles. This current, called in- 
rush current, is nonsinusoidal and has a large dc component. To understand 
the cause of inrush, assume that before energization, the transformer core is 
magnetized with. a residual flux density B(O}= 1.5 Wb/m? (near the kneé of 
the dotted curve in Figure 3.8). If the transformer is then energized when the 
source voltage is positive and increasing, Faraday's law, (3.1.9), will cause 
the flux density B(r) to increase further, since 


B() = a = MX | e(t) dt + B(0) 
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3.3 


As B(t) moves into the saturation region of the B-H curve, large values of 
H(t) will occur, and, from Ampere’s law, (3.1.1), corresponding large values 
of current i(t) will flow for several cycles until it has dissipated. Since normal 
inrush currents can be as large as abnormal short-circuit currents in trans- 
formers, transformer protection schemes must be able to distinguish between 
these two types of currents. 


INONSINUSOIDAL EXCITING CURRENT 


When a sinusoidal voltage is applied to one winding of a transformer with the 
other winding open, the flux ¢(f) and flux density B(r) will, from Faraday's 
law, (3.1.9), be very nearly sinusoidal in steady state. However, the magnetic 
field intensity H(t) and the resulting exciting current will not be sinusoidal in 
steady state, due to the nonlinear B-H curve. If the exciting current 1s mea- 
sured and analyzed by Fourier analysis techniques, one finds that 1t has a fun- 
damental component and a set of odd harmonics, The principal harmonic 1s 
the third, whose rms value is typically about 40% of the total rms exciting 
current. However, the nonsinusoidal nature of exciting current 1s usually 
neglected unless harmonic effects are of direct concern, because the exciting 
current itself 1s usually less than 5% of rated current for power transformers. 


SURGE PHENOMENA 


When power transformers are subjected to transient overvoltages caused by 
lightning or switching surges, the capacitances of the transformer windings 
have important effects on transient response. Transformer winding capaci- 
tances and response to surges are discussed in Chapter 12. 


THE PER-UNIT SYSTEM 


Power-system quantities such as voltage, current, power, and impedance are 
often expressed in per-unit or percent of specified base values. For example, 
if a base voltage of 20 kV is specified, then the voltage 18 kV is (18/20) = 
0.9 per unit or 90%. Calculations can then be made with per-unit quantities 
rather than with the actual quantities. 

One advantage of the per-unit system is that by properly specifying base 
quantities, the transformer equivalent circuit can be simplified. The ideal 
transformer winding can be eliminated, such that voltages, currents, and ex- 
ternal impedances and admittances expressed in per-unit do not change when 
they are referred from one side of a transformer to the other. This can be a 
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significant advantage even in a power system of moderate size, where hun- 
dreds of transformers may be encountered. The per-unit system allows us 
to avold the possibility of making serious calculation errors when referring 
quantities from one side of a transformer to the other. Another advantage of 
the per-unit system is that the per-unit impedances of electrical equipment of 
similar type usually he within a narrow numerical range when the equipment 
ratings are used as base values. Because of this, per-unit impedance data can 
be checked rapidly for gross errors by someone familiar with per-unit quanti- 
ties. In addition, manufacturers usually specify the impedances of machines 
and transformers in per-unit or percent of nameplate rating. 
Per-unit quantities are calculated as follows: 


actual quantity 


hase value of quantity 3.3.1 
base value of quantity ( ) 


per-unit quantity = 


where actual quantity is the value of the quantity in the actual units. The base 
value has the same units as the actual quantity, thus making the per-unit 
quantity dimensionless. Also, the base value is always a real number. There- 
fore, the angle of the per-unit quantity 1s the same as the angle of the actual 
quantity. 

Two independent base values can be arbitrarily selected at one point in 
a power system. Usually the base voltage Vbase_n and base complex power 
 Sbasetg are selected for either a single-phase circuit or for one phase of a three- 
phase circuit. Then, in order for electrical laws to be valid in the per-unit sys- 
tem, the following relations must be used for other base values: 


Poasei¢ = Qhaselg = S baseló (3.3.2) 
Ibase = Sarig (3.3.3) 
baseLN 
Voas Ve. 

Z base = R base = X base = pase = —baseLN (3.3.4) 
Ibase Sbaselg 
l 

Y base = G base = Boase = 7, (3.3.5) 
base 


In (3.3.2)-(3.3.5) the subscripts LN and lø denote "line-to-neutral" and 
"per-phase," respectively, for three-phase circuits. These equations are also 
valid for single-phase circuits, where subscripts can be omitted. 

By convention, we adopt the following two rules for base quantities: 


1. The value of Spas, is the same for the entire power system of con- 
cern. 


2. The ratio of the voltage bases on either side of a transformer is se- 
lected to be the same as the ratio of the transformer voltage ratings. 


With these two rules, a per-unit impedance remains unchanged when referred 
from one side of a transformer to the other. 
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EXAMPLE 3.3  Per-unit impedance: single-phase transformer 


A single-phase two-winding transformer is rated 20 kVA, 480/120 volts, 
60 Hz. The equivalent leakage impedance of the transformer referred to the 
120-volt winding, denoted winding 2, 1$ Zeg2 = 0.0525/78.13? €. Using the 
transformer ratings as base values, determine the per-unit leakage impedance 
referred to winding 2 and referred to winding 1. 


SOLUTION The values of Spase, Vbase1, and Vya4:? are, from the transformer 
ratings, 
Suae = 20 KVA, Voase! = 480 volts, Voase2 = 120 volts 
Using (3.3.4), the base impedance on the 120-volt side of the transformer is 
Vers. (120)" 
Lbase2 = Go = 
Sbase 20,000 


Then, using (3.3.1), the per-unit leakage impedance referred to winding 2 is 


E0727 Q 





Le 0. / 18.13° 
Z based 0.72 





If Z,q» is referred to winding 1, 


NY 480V 
Za = d Zorg = (52) Zap = (155) (0-0525/78.13" 


= 0.84/78.13° Q 
The base impedance on the 480-volt side of the transformer 1s 


Messe - (480) 
3 base 7 20,000 


and the per-unit leakage reactance referred to winding | is 


Z pas] = = 11:52 50 





0.84/78.13° , 
Zeglp.u, = fu = Ma E = 0.0729/78.13° per unit = Zapi 


Thus, the per-unir leakage impedance remains unchanged when referred from 
winding 2 to winding |. This has been achieved by specifying 


Voase) E V rated! = (=) Ej 


Vba se2 Via ted2 








120 


Figure 3.9 shows three per-unit circuits of a single-phase two-winding 
transformer. The ideal transformer, shown in Figure 3.9(a), satisfies the 
per-unit relations Fipy = £2pu, and Jipa. = Dp, which can be derived as 
follows. First divide (3.1.16) by Vy: 


E) Ny E> 
—— = — x 3.3.6 
V basi No V base! ( 





E. = 
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FIGURE 3.9 Now hou 
; ; + Oa 
Per-unit equivalent " 


circuits of a single-phase Ernu Eap u 
(wo-winding transformer Sos OEE AN 


(a) Ideal transformer 


hip m Ree u iene u he u 
+ So NNN hg cA ee + 


Vipu V2o u 
E TETS E NT 
(b) Neglecting exciting current 


bs; Hsu Ripe [Xoo u Ropu lipu 





(c) Complete representation 


Then, using V basel / V base? = V ratedl / V aeda = N) / N3, 
N ë h | E 


E Ts >= — i ei E- u 353.7 
TOTUM NI V V base? eS | Enn 
Nə base? 
Similarly, divide (3.1.17) by Ipase: 
if No |b 
hg = = = a 3.3.8 
$ Ipase] Ni [basei l ) 


Neu. = 3 e eae a (3.3.9) 


Thus, the ideal transformer winding in Figure 3.2 is eliminated from the 
per-unit circuit in Figure 3.9(a). The ‘per-unit leakage impedance is included 
in Figure 3.9(b), and the per-unit shunt admittance branch is added in Figure 
3.9(c) to obtain the complete representation. 

When only one component, such as a transformer, is considered, the 
nameplate ratings of that component are usually selected as base values. 
When several components are involved, however, the system base values may 
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be different from the nameplate ratings of any particular device. Jt is then 
necessary to convert the per-unit impedance of a device from its nameplate 
ratings to the system base values. To convert a per-unit impedance from 
“old” to “new” base values, use 


Z actual Z p.u.old Zbaseold 
Zpaunew = 5 = ——MM——————— 3.3.10 
pone Z basenew Z'basenew l ) 
or, from (3.3.4), 
Vi. ? (Sy, 
Zp.u new = Zp.u.old (ene) (Sue) (3.3. l 1) 
V basenew S baseold 


EXAMPLE 3.4 Per-unit circuit: three-zone single-phase network 


Three zones of a single-phase circuit are identified in Figure 3.10(a). The zones 
are connected by transformers T; and T», whose ratings are also shown. Using 


FIGURE 3.10 Zone 1 Zone 2 Zone 3 


Circuits for Example 3.4 ! 
V, = 220/0* volts | 


HOS 3 bt 


T, Xu, = 2f T, Zoa = 0.9 +.f/0.20 
30 kVA 20 kVA 
240/480 volts 460/115 volts 
Xea = 0.10 p.u. Xea = 0.10 pu. 


(a) Single-phase circuit 











4 Iso o IXtips iXunep u Xt u hoado u 
(/0.1378 
Vu = | Pu 
. t Zoadp u = 
0.9167/0° p.u. l 1.875 + j0.4167 p.u. 
| 
— | 
Zone 1 i Zone 2 | Zone 3 
l 
| 
(240)? . {480)? 1207 
Loases = 30.000 ^ 1920 Zu E = 7.680 Loasea = E. = 0.489 
S = 30 kVA | ' 
pasa lbase = 50000 = 250A 


(b) Per-unit circuit 
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base values of 30 kVA and 240 volts in zone 1, draw the per-unit circuit and 
determine the per-unit impedances and the per-unit source voltage. Then cal- 
culate the load current both in per-unit and in amperes. Transformer winding 
resistances and shunt admittance branches are neglected. 


SOLUTION First the base values in each zone are determined. Spase = 
30 KVA is the same for the entire network. Also, Vy, = 240 volts, as 
specified for zone 1. When moving across a transformer, the voltage base 
is changed in proportion to the transformer voltage ratings. Thus, 
480 ; | 

Via = 6 (240) = 480 . volts 
and 

V fi (480) = 120 volts 

base3 — 460 — 


The base impedances in zones 2 and 3 are 


Viso, 480 
- Mee 7. ac 7.68 O 
base? Spase — 30,000 Í 


and 
Z. 3 = Vinss = 1207 
SS bagel 1 301000 


and the base current in zone 3 is 





—0.48 Q 


Shati 30,000 
a =e QI = 250 A 
Iss = poc 120 


Next, the per-unit circuit impedances are calculated using the system 
base values. Since Spase = 30 kVA is the same as the kVA rating of trans- 
former Tı, and Vpaser = 240 volts is the same as the voltage rating of the zone 
1 side of transformer Ty, the per-unit leakage reactance of T, is the same as 
its nameplate value, Xtipy = 0.1 per unit. However, the per-unit leakage 
reactance of transformer T» must be converted from its nameplate rating to 
the system base. Using (3.3.11) and Vpase2 = 480 volts, 


A (0 


Xen. = (010 55) (55.00 


Alternatively, using Viase3 = 120 volts, 


115\7 (30,000 
X Tapu. = (0.10) (i55) 5500) z0.1378 per unit 


which gives the same result. The line, which is Jocated in zone 2, has a per- 
unit reactance 


) = 0.1378 per unit 


Xlinep.u. = > = 768 0.2604 per unit 
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“1° " and the load, which is located in zone 3, has a per-unit impedance 


Zioad 0.9 + J0.2 
Ziloadp.u. F Zi E ~ 048 


The per-unit circuit is shown in Figure 3.10(b), where the base values 
for each zone, per-unit 1mpedances, and the per-unit source voltage are 
shown. The per-unit load current is then easily calculated from Figure 3.10(b) 
as follows: 





= 1.875 + j0.4167 per unit 


MES, ipo ae £7 OR 
SAS PE "bes (Xt pu. + Xlinep.u. T XT2p.u.) + Zloadp.u. 


B 0.9167/0° 
.. J(0.10 + 0.2604 + 0.1378) + (1.875 + 70.4167) 


|.  09167/00 | 0.9167/0* 
~ 1.875 + j0.9149 ^. 2.086/26.01° 


= 0.4395/—26.01° per unit 


The actual load current ts 


road = (oadp.u:) Foase3-=- (0.4395/—~26.01°) (250) =109.9/—26.01°-—A ———— 


Note that the per-unit equivalent circuit of Figure 3.10(b) is relatively easy 
to analyze, since ideal transformer windings have been eliminated by proper 
selection of base values. 


Balanced three-phase circuits can be solved in per-unit on a per-phase 
basis after converting A-load impedances to equivalent Y impedances. Base 
values can be selected either on a per-phase basis or on a three-phase basis. 
Equations (3.3.1)-(3.3.5) remain valid for three-phase circuits on a per-phase 
basis. Usually Spase3g and Vyasrr are selected, where the subscripts 39 and 
LL denote “three-phase” and "'line-to-line," respectively. Then the following 
relations must be uséd for other base values: 


Sbaseld = Suid | (3.3.12) 
Vin = eet (3.3.13) 
Sbase3g = Phase3g = Qbasesg (3.3.14) 
Ibase = a = n (3.3.15) 
Zoase = Tes = ee = sis (3.3.16) 
nm 


I 
Y base 





Roase = Xbase = Zbase = (3.3.17) 
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EXAMPLE 3.5 Per-unit and actual currents in balanced three-phase networks 


FIGURE 3.11 


Circuit for Example 3.5 


As in Example 2.5, a balanced-Y-connected voltage source with Eap = 480/0° 
volts is applied to a balanced-A load with Z, = 30/40° Q. The line impedance 
between the source and load is Zi, = 1/85? Q for each phase. Calculate the 
per-unit and actual current in phase a of tiig line using Spase3g = 10 KVA and 
Vast = 480 volts. 


SOLUTION First, convert Za to an equivalent Zy; the equivalent line- 
to-neutral diagram is shown in Figure 2.17. The base impedance is, from 
(3.3.16), i 


VbáseLL _ (480)? 
Sbase3¢ ~ 10,000 





Zoase = = 23.04 Q 
The per-unit line and load impedances are 


Zipu. = EN i. = 0,04340/85° per unit 








Z bass 23.04 
and 
Zy 10/40° 
= —— = — = 0.4340/ 40° t 
Zypu =F — 2304 L40? per uni 
Also, 
VoaseLN = c T= 277 volts 


| and 





Em 27/39. i gy ay 


it 
Veen 277 per uni 


Eanp.u. lm 


The per-unit equivalent circuit is shown in Figure 3.11. The per-unit line cur- 
rent im phase a is then 


eu. Zinu. = 0.04340/85? 






Expu. = 10/-30* (—) Zeu. = 0.4340/40° 
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3.4 


I = E anp.u. = 1.0/ —30° 
“wu Zipu. + Zypu. 0.04340/85° + 0.4340/40° 
1.0/ — 30° 


~ (0.00378 + j0.04323) + (0.3325 + j0.2790) 
1.0/—30° 1.0/—30° 


~ 0.3362 + j0.3222  0.4657/43.78° 
= 2.147/—73.78° per unit 


The base current 1s 
S base3ó Es 10,000 





lige = = = 12.03 A 
; V3VbaseLL vV3(480) 
and the actual phase a line current is 
I, = (2.147/—73.78°) (12.03) = 25.83/—73.78° A a 


L— — = ee ee 
e ——À— - 2 —— 





THREE-PHASE TRANSFORMER CONNECTIONS AND 
PHASE SHIFT 


Three identical single-phase two-winding transformers may be connected to 
form a three-phase bank. Four ways to connect the windings.are Y-Y, Y-A, 
A-Y, and A-A. For example, Figure 3.12 shows a three-phase Y-Y bank. 
Figure 3.12(a) shows the core and coil arrangements. The American standard 
for marking three-phase transformers substtutes H1, H2, and H3 on the 
high-voltage terminals and X1, X2, and X3 on the low-voltage terminals in 
place of the polarity dots. Also, in this text, we will use uppercase letters 4BC 
to identify phases on the high-voltage side of the transformer and lowercase 
letters abc to identify phases on the low-voltage side of the transformer. In 
Figure 3.12(a) the transformer high-voltage terminals H1, H2, and H3 are 
connected to phases Á, B, and C, and the low-voltage terminals X1, X2, and 
X3 are connected to phases a, b, and c, respectively. 

Figure 3.12(b) shows a schematic representation of the three-phase Y- 
Y transformer. Windings on the same core are drawn in parallel, and the 
phasor relationship for balanced positive-sequence operation is shown. For 
example, high-voltage winding H1-N is on the same magnetic core as low- 
voltage winding X1-z in Figure 3.12(b). Also, Vax is in phase with Vm. Fig- 
ure 3.12(c) shows a single-line diagram of a Y-Y transformer. A single-line 
diagram shows one phase of a three-phase network with the neutral wire 
omitted and with components represented by symbols rather than equivalent 
circuits. 

The phases of a Y-Y or a A-A transformer can be labeled so there is 
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FIGURE 3.12 


Three-phase two- 
winding Y-Y 
transformer bank 








H3 \ 
H 
N at 
— Van 7 la 
H2 s X2 ə 
7 Á/ ls 


(b) Schematic representation showing phasor 
relationship for positive sequence operation 


no phase shift between corresponding quantities on the low- and high-voltage 
windings. However, for Y-A and A-Y transformers, there 1s always a phase 
shift. Figure 3.13 shows a Y-A transformer. The labeling of the windings and 
the schematic representation are in accordance with the American standard, 
which is as follows: 


In either a Y-A or A-Y transformer, positive-sequence quantities on 
the high-voltage side shall lead their corresponding quantities on the 
low-voltage side by 30°. 


As shown in Figure 3.13(b), Vay leads Van by 30°. 

The positive-sequence phasor diagram sbown in Figure 3.13(b) can be 
constructed via the following five steps, which are also indicated in Figure 
3.13: | 
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FIGURE 3.13 
Three-phase two- 
winding Y-A 
transformer bank 





A b a 


N Van 


(Step 1) (Step 5) 


(b) Positive-sequence phasor diagram 


STEP 1 Assume that balanced positive-sequence voltàges are applied 
to the Y winding. Draw the positive-sequence phasor diagram 
for these voltages. 


STEP 2 Move phasor A~N next to terminals 4—N. in Figure 3.13(a). 
Identify the ends of this line in the same manner as tn the 
phasor diagram. Similarly, move phasors B-N and C-N next 
to terminals B-N and C-N in Figure 3.13(a). 


STEP 3 For each single-phase transformer, the voltage across the low- 
voltage winding must be in phase with the voltage across the 
high-voltage winding, assuming an ideal transformer. There- 
fore, draw a line next to each low-voltage winding parallel to 
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the corresponding line already drawn next to the high-voltage 
winding. 


STEP 4 Label the ends of the lines drawn in Step 3 by inspecting the 
polarity marks. For example, phase A is connected to dotted 
terminal H1, and A appears on the right side of line A-N. | 
Therefore, phase a, which is connected to dotted terminal X1, 
must be on the right side, and b on the left side of line a—d. 

. Similarly, phase B is connected to dotted terminal H2, and B 
is down on line B-N. Therefore, phase b, connected to dotted 
terminal X2, must be down on line b~e. Similarly, c is up on 
line c-a. 


STEP 5 Bring the three lines labeled in Step 4 together to complete the 
phasor diagram for the low-voltage A winding. Note that Vyn 
leads V, by 30? in accordance with the American standard. 


EXAMPLE 3.6 Phase shift in A-Y transformers 


Assume that balanced negative-sequence voltages are applied to the high- 
voltage windings of the Y—A transformer shown in Figure 3.13. Determine 
the negative-sequence phase shift of this transformer. 


SOLUTION The negative-sequence diagram, shown 1n Figure 3.14, is con- 
structed from the following five steps, as outlined above: 


STEP! Draw the phasor diagram of balanced negative-sequence volt- 
ages, which are applied to the Y winding. 


STEP 2 Move the phasors A-N, B-N, and C-N next to the high- 
voltage Y windings. 


STEP 3 For each single-phase transformer, draw a line next to the 
low-voltage winding that is parallel to the line drawn m Step 2 
next to the high-voltage winding. 


STEP 4 Label the lines drawn in Step 3. For example, phase B, which 
is connected to dotted terminal H2, is shown up on line B-N; 
therefore phase b, which is connected to dotted terminal X2, 
must be up on line b-c. 


STEP 5. Bring the lines drawn in Step 4 together to form tbe negative- 
sequence phasor diagram for the low-voltage A winding. 


As shown in Figure 3.14, the high-voltage phasors /ag the low-voltage phasors 
by 30° Thus the negative-sequence phase shift is the reverse of the positive- 
sequence phase shift. | | m 


The A-Y transformer is commonly used às a generator step-up trans- 
former, where the A winding is connected to the generator terminals and the Y 
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FIGURE 3.14 


Example 3.6— 
Construction of 
negative-sequence 
phasor diagram for Y-A 
transformer bank 





(Step 1) (Step 5) 


winding is connected to a transmission line. One advantage of a high-voltage 
Y winding is that a neutral point N is provided for grounding on the high- 
voltage side. With à permanently grounded neutral, the insulation require- 
ments for.the high-voltage transformer windings are reduced. The high-voltage 
insulation can be graded or tapered from maximum insulation at terminals 
ABC to minimum insulation at grounded terminal N. One advantage of the A 
winding is that the undesirable third harmonic magnetizing current, caused by 
the nonlinear core B-H characteristic, remains trapped inside the A winding. 
Third harmonic currents are (triple-frequency) zero-sequence currents, which 
cannot enter or leave a A connection, but can flow within the A. The Y-Y 
transformer is seldom used because of difficulties with third harmonic exciting 
current. | | 
The A-A transformer has the advantage that one phase can be removed 
for repair or maintenance while the remaining phases continue to operate. as 


SECTION 3.5 PER-UNIT EQUIVALENT CIRCUITS OF THREE-PHASE TRANSFORMERS 121 


FIGURE 3.15 


Transformer core 
configurations 


3.5 


laminated sheet core 
laminated sheet core | 





coils 


(a) Single-phase core type (b) Single-phase shell type 


laminated sheet core 





(c) Three-phase, three-legged (d) Three-phase shell type 
core type 


a three-phase bank. This open-A connection permits balanced three-phase 
Operation with the kVA rating reduced to 58% of the original bank (see 
Problem 3.36). — 

Instead of a bank of three single-phase transformers, all six windings 
may be placed on a common three-phase core to form a three-phase trans- 
former, as shown in Figure 3.15. The three-phase core contains less iron than 
the three single-phase units; therefore it costs less, weighs less, requires less 
floor space, and has a slightly higher efficiency. However, a winding failure 
would require replacement of an entire three-phase transformer, compared to 
replacement of only one phase of a three-phase bank. 


PER-UNIT EQUIVALENT CIRCUITS OF BALANCED 
THREE-PHASE TWO-WINDING TRANSFORMERS 


Figure 3.16(a) is a schematic representation of an ideal Y-Y transformer 
grounded through neutral impedances Zy and Z,. Figure 3.16(b) shows the 
per-unit equivalent circuit of this ideal transformer for balanced three-phase 
operation. Throughout the remainder of this text, per-unit quantities will be 
used unless otherwise indicated. Also, the subscript *p.u.," used to indicate a 
per-unit quantity, will be omitted 1n most cases. 
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FIGURE 3.16 c C 


Ideal Y -Y transformer e X3 


X2. 





=m — 
fo —_—_—_— eH 
+ + 
E, Ey 


(b) Per-unit equivalent circuit for balanced three-phase operation 


By convention, we adopt the following two rules for selecting base 
quantities: 


1. A common Spase 1s selected for both the H and X terminals. 


2. The ratio of the voltage bases Voasen / Vbasex 18 selected to be equal to 
the ratio of the rated Ime-to-line voltages Vyaequit / VratedXLL- 


When balanced three-phase currents are applied to the transformer, the neu- 
tral currents are zero and there are no voltage drops across the neutral imped- 
ances. Therefore, the per-unit equivalent circuit of the ideal Y-Y transformer, 
Figure 3.16(b), is the same as the per-unit single-phase ideal transformer, Fig- 
ure 3.9(a). 

The per-unit equivalent circuit of a practical Y-Y transformer is shown 
in Figure 3.17(a). This network is obtained by adding external impedances to 
the equivalent circuit of the ideal transformer, as in Figure 3.9(c). 

The per-unit equivalent circuit of the Y—A transformer, shown in Fig- 
ure 3.17(b), includes a phase shift. For the American standard, the positive- 
sequence voltages and currents on the high-voltage side of the Y-A trans- 
former lead the corresponding quantities on the low-voltage side by 30?. The 
phase shift in the equivalent circuit of Figure 3.17(b) is represented by the 
phase-shifting transformer of Figure 3.4. 

The per-unit equivalent circuit of the A-A transformer, shown in Figure 
3.17(c), is the same as that of the Y-Y transformer. It is assumed that the 
windings are labeled so there is no phase shift. Also, the per-unit impedances 
do not depend on the winding connections, but the base voltages do. 
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Single-line diagram 










Per-unit 
equivalent ' 
circuit 





(a) Y-Y (b) Y-4 (c) A-A 


FIGURE 3.17  Per-unit equivalent circuits of practical Y-Y, Y—A, and A-A transformers for 
balanced three-phase operation 


EXAMPLE 3.7 Voltage calculations: balanced Y-Y and A~Y transformers 


Three single-phase two-winding transformers, each rated 400 MVA, 13.8/ 
199.2 kV, with leakage reactance Xeq = 0.10 per unit, are connectéd to form 
a three-phase bank. Winding resistances and exciting current are neglected. 
The high-voltage windings are connected in Y. A three-phase load operating 
under balanced positive-sequence conditions on the high-voltage side absorbs 
1000 MVA.at 0.90 p.f. lagging, with Van = 199.2/0° kV. Determine the volt- 
age Vm at the low-voltage bus if the low-voltage windings are connected (a) 
in Y, (b) in A. 


SOLUTION The per-unit network is shown in Figure 3.18. Using the trans- 
former bank ratings as base quantities, Spasex3g = 1200 MVA, VobascoztL = 
345 kV, and Ipsis = 1200/(3454/3) = 2.008 kA. The per-unit load voltage 
and load current are then 

Van = 1.0/0° per unit 


4543 . 
lL = d —cos 10.9 = 0.8333/—25.84° per unit 


a. For the Y-Y transformer, Figure 3.18(a), 
I, = Ia = 0.8333/—25.84° per unit 
Van = Van + (JXeg)lA 
1.0/0° + (j0.10)(0.8333/ —25.84^) 
= 1.0 + 0.08333/64.16? = 1.0363 + 0.0750 = 1.039/4.139° 


= 1.039/4.139° per unit 
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FIGURE 3.18 


Per-unit network for 
Example 3.7 


EXAMPLE 3.8 


la | l|, = 0.8333 /- 25.84? 





(a) Y-connected low-voltage windings 


E: 


i I, = 0.8333 / -25.84* 
+ d : ms + 
Van(~) jO40 vex FL Va 1.0 /0° 
i : 1: emo p 


(b) A-connected low-voltage windings 


DE E T m Ea m s 


Further, since Vryagexjw = 13.8 kV for the low-voltage Y windings, 
Van = 1.039(13.8) = 14.34 kV, and 


Vin = 14.34/4.139° kV 
b. For the A-Y transformer, Figure 3.18(b), 


Lee ape Van = 1.0/ a30 per unit 


I, 2 e P In = 0.8333/—25.84° — 30° = 0.8333/—55.84° per unit 
Vin = Ean + (JXeqa Ma = 1.0/—30° + (j0.10)(0.8333/—55.84°) 
Vin = 1.039/—25.861° per unit ` 


Further, since VpaexiwN = 13.8/ V3 = 7.967 kV for the low-voltage A 
windings, V4, = (1.039)(7.967) = 8.278 kV, and 


Van = 8.278/—25.861? kV F3 


Per-unit voltage drop and per-unit fault current: 
balanced three-phase transformer 


A 200-MVA, 345-kVA/34.5-kV Y substation transformer has an 8% leakage 
reactance. The transformer acts as a connecting link between 345-kV trans- 
mission and 34.5-kV distribution. Transformer winding resistances and excit- 
ing current are neglected. The high-voltage bus connected to the transformer 
Is assumed to be an ideal 345-kV positive-sequence source with negligible 
source impedance. Using the transformer ratings as base values, determine: 
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FIGURE 3.19 


Circuits for Example 3.8 


a. The per-unit magnitudes of transformer voltage drop and voltage at 
the low-voltage terminals when rated transformer current at 0.8 p.f. 
lagging enters the high-voltage terminals 


b. The per-unit magnitude of the fault current when a three-phase-to- 
ground bolted short circuit occurs at the low-voltage terminals 


SOLUTION In both parts (a) and (b), only balanced positive-sequence cur- 
rent will flow, since there are no imbalances. Also, because we are interested 
only in voltage and current magnitudes, the A-Y transformer phase shift can 
be omitted. 


a. As shown in Figure 3.19(a), 
Várop = TratedXeq = (1.0)(0.08) = 0.08 per unit 
and 
Van = Van — (JXeq) rated 
1.0/0° — (70.08) (1.0/ —36.87°) 
= 1.0 — (j0.08)(0.8 — 0.6) = 0.952 — 70.064 
—0.954/—3.85? per unit 
b. As shown in Figure 3.19(b), 


ium VAN » 1.0 
Mu 008 


= 12.5 per unit 
Under rated current conditions [part (a)], the 0.08 per-unit voltage drop across 


the transformer leakage reactance causes the voltage at the low-voltage termi- 
nals to be 0.954 per unit. Also, under three-phase short-circuit conditions [part 


laa = 1.0 —36.87? 
— 


{0.08 





la) Rated current 


[0.08 Bre 





(b). Short-circuit current 


126 


where I, enters the dotted terminal, b; and J; leave dotted terminals, . and E. 
Ez, and E have their + polarities at dotted terminals. In per-unit, (3.6.1) and 
(3.6.2) are 
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(b)], the fault current is 12.5 times the rated transformer current. This example 
illustrates a compromise in the design or specification of transformer leakage 
reactance. À low value is desired to minimize voltage drops, but a high value 
is desired to limit fault currents. Typical transformer leakage reactances are 
given in Table A.2 in the Appendix. [3 


3.6 
THREE-WINDING. TRANSFORMERS 


Figure 3.20(a) shows a basic single-phase three-winding transformer. The ideal 
transformer relations for a two-winding transformer, (3.1.8) and (3.1.14), 
can easily be extended to obtain corresponding relations for an ideal three- 
winding transformer. In actual units, these relations are 


Ny = Nob + Nh (3.6.1) 
E, Ej E 

E MN EE: 6.2 
N Ny MN ES 


—— 
——— — l — —— mM —— oc F 





` (a) Basic core and coil configuration (b) Per-unit equivalent circuit—ideal transformer 





(c) Per-unit equivalent circuit—practical transformer 


FIGURE 3.20 Single-phase three-winding transformer 
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Tip. = Dp. T Dp.u. (3.6.3) 
Eipu. m Epu. a Esp.u. | (3.6.4) 


where a common Spase is selected for all three windings, and voltage bases are 
selected in proportion to the rated voltages of the windings. These two per- 
unit relations are satisfied by the per-unit equivalent circuit shown in Figure 
3.20(b). Also, external series impedance and shunt admittance branches are 
included in the practical three-winding transformer circuit shown in Figure 
.3.20(c). The shunt admittance branch, a core loss resistor in parallel with a 
magnetizing inductor, can be evaluated from an open-circuit test. Also, when 
one winding is left open, the three-winding transformer behaves as a two- 
winding transformer, and standard short-circuit tests can be used to evaluate 
per-unit leakage impedances, which are defined as follows: 


Zi? = per-unit leakage impedance measured from winding 1, with 
winding 2 shorted and winding 3 open 


Z\3 = per-unit leakage impedance measured from winding 1, with 
winding 3 shorted and winding 2 open 


Z53 = per-unit leakage impedance measured from winding 2, with 
winding 3 shorted and winding | open 


From Figure 3.20(c), with winding 2 shorted and winding 3 open, the leak- 
age impedance measured from winding 1 is, neglecting the shunt admittance 
branch, 


ZZ tz (3.6.5) 
Similarly, 

Zi = Zi + 23 | (3.6.6) 
and 

Z3 = Z:+ Z3 (3.6.7) 
Solving (3.6.5)-(3.6.7), 

gis (3.6.8) 

Doc ua) | (3.6.9) 

Z3 = 5(Zi3 + Zz — Zn) (3.6.10) 


Equations (3.6.8)-(3.6.10) can be used to evaluate the per-unit series imped- 
ances Zi, Z5, and Z3 of the three-winding transformer equivalent circuit from 
the per-unit leakage impedances Z12,'Z,3, and 23, which, in turn, are deter- 
mined from short-circuit tests, 

Note that each of the windings on a three-winding transformer may 
have a different kVA rating. If the leakage impedances from short-circuit tests 
are expressed in per-unit based on winding ratings, they must first be con- 
verted to per-unit on a common Spase before they are used in (3.6.8)-(3.6.10). 
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EXAMPLE 3.9 


FIGURE 3.21 


Circuit for Example 3.9 


Three-winding single-phase transformer: per-unit impedances 


The ratings of a single-phase three-winding transformer are 
winding 1: 300 MVA, 13.8 kV 
winding 2: 300 MVA, 199.2 KV 
winding 3: 50 MVA, 19.92 kV 

The leakage reactances, from short-circuit tests, are 
X15» = 0.10 per unit on a 300-MVA, 13.8-kV base 
X13 = 0.16 per unit on a 50-MVA, 13.8-kV base 
X53 = 0.14 per unit on a 50-MVA, 199.2-kV base 


Winding resistances and exciting current are neglected. Calculate the imped- 
ances of the per-unit equivalent circuit using a base of 300 MVA and 13.8 kV 
for terminal l. 


SOLUTION Spase = 300 MVA is the same for all three terminals. Also, the 
specified voltage base for terminal 1 is Vpase) = 13.8 kV. The base voltages for _ 





“terminals 2 and 3 are then Vpas2 = 199.2 kV and Vy, = 19.92 kV, which are 


the rated voltages of these windings. From the data given, Xj» = 0.10 per unit 
was measured from terminal 1 using the same base values as those specified for 
the circuit. However, X)3 = 0.16 and X23; = 0.14 per unit on a 50-MVA base 
are first converted to the 300-MVA circuit base. 


| 300 l 

X13 = (0. 16) m) — 0.96 per unit 
300 l 

X23 = (0. 14) (>) = 0.84 per unit 


Then, from (3.6.8)-(3.6.10), 
X,—1(0.104-0.96 — 0.84) = 0.11 per unit 
X» = $(0.10 + 0.84 — 0.96) = —0.01 per unit 
Xa —1(0.84--0.96 ~ 0.10) = 0.85 per unit 





EXAMPLE 3.10 


FIGURE 3.22 


Per-unit network for 
Example 3.10 
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The per-unit equivalent circuit of this three-winding transformer 1s 
shown in Figure 3.21. Note that X; is negative. This illustrates the fact that 
X4, X5, and X; are not leakage reactances, but instead are equivalent react- 
ances derived from the leakage reactances. Leakage reactances are always 
positive. : 

Note also that the node where the three equivalent circuit reactances 
are connected does not correspond to any physical location within the trans- 
former. Rather, it 1s simply part of the equivalent circuit representation. B 


Three-winding three-phase transformer: balanced operation 


Three transformers, each identical to that described in Example 3.9, are 
connected as a three-phase bank in order to feed power from a 900-MVA, 
13.8-kV generator to a 345-kV transmission line and to a 34.5-kV distribu- 
tion line. The transformer windings are connected as follows: 


]3.8-kV windings (X): A, to generator 
199.2-kV windings (H): solidly grounded Y, to 345-kV line 
19.92-kV windings (M): grounded Y through Z, = /0.10 Q, 

i to 34.5-kV line 


The positive-sequence voltages and currents of the high- and medium-voltage 
Y windings lead the corresponding quantities of the low-voltage A winding 
by 30°. Draw the per-unit network, using a three-phase base of 900 MVA 


and 13.8 kV for terminal X. Assume balanced positive-sequence operation. 


SOLUTION The per-unit network is shown in Figure 3.22. Viasex = 13.8 KV, 
which is the rated line-to-line voltage of terminal X. Since the M and H 
windings are’ Y-connected, Vbasem = V3(19.92) = 34.5 kV, and Vy = 
/3(199.2) = 345 kV, which are the rated line-to-line voltages of the M and H 
windings. Also, a phase-shifting transformer is included in the network. The 
neutral impedance is not included in the network, since there is no neutral 
current urider balanced operation. [3 





-— 


130 CHAPTER 3 POWER TRANSFORMERS 


FIGURE 3.23 


Ideal single-phase 
transformers 


3.7 


EXAMPLE 3.11 


HE: 


(a) Two-winding transformer (b) Autotransformer 





AUTOTRANSFORMERS 


A single-phase two-winding transformer is shown in Figure 3.23(a) with two 
separate windings, which is the usual two-winding transformer; the same 
transformer is shown in Figure 3.23(b) with the two windings connected in. 


series, which is called an autotransformer. For the usual transformer [Figure 
3.23(a)] the two windings are coupled magnetically via the mutual core flux. 
For the autotransformer [Figure 3.23(b)] the windings are both electrically 
and magnetically coupled. The autotransformer has smaller per-unit leakage 
ympedances than the usual transformer; this results in both smaller series- 
voltage drops (an advantage) and higher short-circuit currents (a disadvan- 
tage). The autotransformer also has lower per-unit losses (higher efficiency), 
lower exciting current, and lower cost if the turns ratio is not too large. The 
electrical connection of the windings, however, allows transient overvoltages 
to pass through the autotransformer more easily. 


Autotransformer: single-phase 


The single-phase two-winding 20-kVA, 480/120-volt transformer of Example. 
3.3 is connected as an autotransformer, as in Figure 3.23(b), where winding 1 
is the 120-volt winding. For this autotransformer, determine (a) the voltage 
ratings Ex and Eg of the low- and high-voltage terminals, (b) the kVA 
rating, and (c) the per-unit leakage impedance. 


SOLUTION 

a. Since the 120-volt winding is connected to the low-voltage terminal, 
Ex = 120 volts. When Ex = E, = 120 volts is applied to the low-voltage. 
terminal, E; = 480 volts is induced across the 480-volt winding, neglecting 
the voltage drop across the leakage impedance. Therefore, Ey = E, + E; = 
120 + 480 = 600 volts. 


3.8 
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b. As a normal two-winding transformer rated 20 kVA, the rated current of 
the 480-volt.winding is I, = Ig = 20,000/480 = 41.667 A. As an autotrans- 
former, the 480-volt winding can carry the same current. Therefore, the 
kVA rating Sy = Eyly = (600)(41.667) = 25 kVA. Note also that when 

48 
lq = h. = 41.667 A, a current I; = T (41.667) = 166.7 A is induced in the 
120-volt winding. Therefore, Ix = Ij 4- I; = 208.3 A (neglecting exciting 
current) and Sy = ExIx = (120)(208.3) = 25 kVA, which is the same 
rating as calculated for the high-voltage terminal. 


c, From Example 3.3, the leakage impedance is 0.0729/78.13? per unit as a 
normal, two-winding transformer. As an autotransformer, the leakage im- 
pedance in ohms 1s the same as for the norma] transformer, since the core 
and windings are the same for both (only the external winding connections 
are different). However, the base impedances are different. For the high- 
voltage terminal, using (3.3.4), 


Z = s QO asa normal transforme 
baseHold = 49 006 — s a normal transformer 


600)? 
A E em s — [4.4 Q asan autotransformer 


Therefore, using (3.3.10), 


5 
Zaney = (0.0729/78.13°) Gra = 0,05832/78.13° per unit 


For this example, the rating 1s 25 kVA, 120/600 volts as an autotransformer 
versus 20 kVA, 120/480 volts as a normal transformer. The autotransformer 
has both a larger kVA rating and a larger voltage ratio for the same cost. Also, 
the per-unit leakage impedance of the autotransformer is smaller. However, 
the increased high-voltage rating as well as the electrical connection of the 
windings may require more insulation for both windings. E 


TRANSFORMERS WITH OFF-NOMINAL TURNS 
RATIOS | 


It has been shown that models of transformers that use per-unit quantities are 
simpler than those that use actual quantities. The ideal transformer winding 
is eliminated when the ratio of the selected voltage bases equals the ratio of 
the voltage ratings of the windings. In some cases, however, it is impossible 
to select voltage bases in this manner. For example, consider the two 
transformers connected in parallel in Figure 3.24. Transformer T) is rated 
13.8/345 kV and T; is rated 13.2/345 kV. If we select Vy; = 345 kV, then 
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FIGURE 3.24 


- Two transformers ` 


connected in parallel 


T, 
13.8/345 kV 


132/345 kV 
IE 


transformer T; requires Vbasex = 13.8 kV and T; requires Vy x = 13.2 KV. 
It is clearly impossible to select the appropriate voltage bases for both trans- 
formers. 

To accommodate this situation, we will develop a per-unit model of a 


transformer whose voltage ratings are not in proportion to the selected base 


voltages. Such a transformer is said to have an “‘off-nominal turns ratio." 
Figure 3.25(a) shows a transformer with rated voltages Vira and Vorated, 
which satisfy 


sa ee 


Cem aed i | oe 


where a, 1s assumed, in general, to be either real or complex. Suppose the se- 
lected voltage bases satisfy 


Voasel = DV base2 (3.8.2) 


Defining c = a,/b, (3.8.1) can be rewritten as 


Virated = 2€ Se) Via = be V arated (3.8.3) 


b 


Equation (3.8.3) can be represented by two transformers in series, as 
shown in Figure 3.25(b). The first transformer has the same ratio of rated 
winding voltages as the ratio of the selected base voltages, b. Therefore, this 
transformer has a standard per-unit model, as shown in Figure 3.9 or 3.17. 
We will assume that the second transformer is ideal, and all real and reactive 
losses are associated with the first transformer. The resulting per-unit model 
is shown in Figure 3.25(c), where, for simplicity, the shunt-exciting branch is 
neglected: Note that if a, = b, then the ideal transformer winding shown in 
this figure can be eliminated, since its turns ratio c = (a,/b) = 1. 

The per-unit model] shown in Figure 3.25(c) is perfectly valid, but it is 
not suitable for some of the computer programs presented: in later chapters 
because.these: programs do not atcommodate ideal transformer windings. An 
alternative representation can be developed, however, by writing nodal equa- 
tions for this figure as follows: 
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FIGURE 3.25 1 , c 2 1 , C 2 ¢ 2 
Transformer with 8,:1 bs 
off-nominal turns ratio b 


(a) Single-line diagram (b) Represented as two 
` transformers in series 








(c) Per-unit equivalent circuit 
(Per-unit impedance is shown) 





(d) 7 circuit representation for real c 


(Per-unit admittances are shown; Yea = zj 
eq 


T V 
ye eye L 
EL Io ox Ve 
where both J; and —J) are referenced into their nodes in accordance with the 


nodal equation method (Section 2.4). Recalling two-port network theory, the 
admittance parameters of (3.8.4) are, from Figure 3.23(c) 














Yu = i zo Yeg (3.8.5) 
Yoo = Y: y-0 Ta. = [el^ Ya (3.8.6) 
Y = a yug E = —tcYq (3.8.7) 
Yos x: -— d m (3.8.8) 





134 


CHAPTER 3 POWER TRANSFORMERS 


EXAMPLE 3.12 


Equations (3.8.4)-(3.8.8) with real or complex c are convenient for 
representing transformers with off-nominal turns ratios in the computer 
programs presented later. Note that when c is complex, Yj) 1s not equal to 
Y>,, and the preceding admittance parameters cannot be synthesized with a 
passive RLC circuit. However, the x network shown in Figure 3.25(d), which 
has the same admittance parameters as (3.8.4)-(3.8.8), can be synthesized for 
real c. Note also that when c = 1, the shunt branches in this figure become 
open circuits (zero per unit mhos), and the series branch becomes Y, per unit 
mhos (or Zeą per unit ohms). 


Tap-changing three-phase transformer: per-unit positive-sequence 
network 


A three-phase generator step-up transformer is rated 1000 MVA, 13.8 kV | 
A/345 kV Y with Zeqg = 0.10 per unit, The transformer high-voltage wind- 
ing has +10% taps. The system base quantities are 


S base3ó = 500 MVA 
VoaseXLL = 13.8—KkV-- — - T ——— — 
VoaseHLL = 345 kV 


Determine the per-unit equivalent circuit for the following tap settings: 


a. Rated tap 


b. —10% tap (providing a 10% voltage decrease for the high-voltage 
winding) 


Assume balanced positive-sequence operation. Neglect transformer winding 


resistance, exciting current, and phase shift. 


SOLUTION 
a. Using (3.8.1) and (3.8.2) with the low-voltage winding denoted winding 1, 
X 


13.8 OVssxip o 13.8 _ 


peces jy) 3 eee = 
i c ei ree aig A 
From (3.3.11) 
500 
unew = (J 1 rood ee | 
Zpunew = (JO 9 (onc) j0.05 per unit 


The per-unit equivalent circuit, not including winding resistance, exciting 
current, and phase shift 1s: 


P 
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hey j0.05 hay 


(Per-unit impedance is shown) 


= b. Using (3.8.1) and (3.8.2), 





13.8 13.8 
= ———— = 0.04444 b = —— = 0.0 
a = 345(09j °° T NE 
a, 0.04444 — 
= et 04 eL 
From Figure 3.23(d), 
|. . 
= i. — | =- l t 
CYeq = | i Css) j22.22 per uni 


(l— c) Y = (—0.11111)(—720) = +72.222 per unit 
(Ic? — e) Ya, = (1.2346 — 1.1)(—j20) = —j2.469 per unit 
The per-unit positive-sequence network is: 


hey = V hay 


+42 222 





(Per-unit admittances are shown) 


Open PowerWorld Simulator case Example 3. 12 and select Simulation, 
Solve and Animate to see an animated view of this LTC transformer example. 
Initially the generator/step-up transformer feeds a 500 MW/100 Mvar load. 
As is typical in practice, the transformer's taps are adjusted in discrete steps, 
with each step changing the tap ratio by 0.625% (hence a 10% change re- 
quires 16 steps). Click on arrows next to the transformer's tap to manually 
adjust the tap by one step. Note that changing the tap directly changes the 
load voltage. 

Because of the varying voltage drops caused by changing loads, LTCs 
are often operated to automatically regulate a bus voltage. This is particularly 
true when they are used as step-down transformers. To place the example 
transformer on automatic control, click on the "Manual" field. This toggles 
the transformer control mode to automatic. Now the transformer manually 
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Screen for Example 3.12 


changes its tap ratio to maintain the load voltage within a specified voltage 
range, between 0.995 and 1.005 per unit in this case. To see the LTC in auto- 
matic operation use the load arrows to vary the load, particularly the Mvar 
field, noting that the LTC changes to keep the load's voltage within the speci- 
fied deadband. E 


The three-phase regulating transformers shown in Figures 3.26 and 3.27 


. can be modeled as transformers with off-nominal turns ratios. For the voltage- 


magnitude-regulating transformer shown in Figure 3.26, adjustable voltages 
AVay, AVy,, and AV.,, which have equal magnitudes AV and which are in 
phase with the phase voltages Van, Vins and VL, are placed in the series link 
between buses a—a', b-b', and c-c'. Modeled as a transformer with an off- 
nominal turns ratio (see Figure 3.25), c= (ü + AV) for a voltage-magnitude 
increase toward bus abc, or c = (1 + AV)! for an increase toward bus a’b'c’. 
For the phase-angle-regulating transformer in Figure 3.27, the series 
voltages AV,,, å Kpn, and A Vn are +90° out of phase with the phase voltages 
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FIGURE 3.26 RES MNT 


An example of a 
voltage-magnitude- 
regulating transformer 






Series 
transformers 


Van, Von, and Van. The phasor diagram in Figure 3.27 indicates that each of 
the bus voltages Van, Vy,, and Vem has a phase shift that is approximately 
proportional to the magnitude of the added series voltage. Modeled as a 
transformer with an off-nominal turns ratio (see Figure 3.25), c œ 1/« for a 
phase increase toward bus abc or c œ% 1/—a for a phase increase toward bus 
a! b'c.. - 





FIGURE 3.27 An example of a phase-angle-regulating transformer. Windings drawn in parallel are 
on the same core 
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EXAMPLE 3.13 Voltage-regulating and phase-shifting three-phase transformers 


Two buses abc and a'b'c' are connected by two parallel lines LI and L2 with 
positive-sequence series reactances Xj; = 0.25 and Xj» — 0.20 per unit. A 
regulating transformer is placed in series with line L1 at bus a'b'c'. Deter- 
mine the 2 x 2 bus admittance matrix when the regulating transformer (a) 
provides a 0.05 per-unit increase in voltage magnitude toward bus a'b'c' and 
(b) advances the phase 3° toward bus a'b'c'. Assume that the regulating 
transformer is ideal. Also, the series resistance and shunt admittance of the 
lines are neglected. 


SOLUTION The circuit is shown in Figure 3.28. 


a. For the voltage-magnitude-regulating transformer, c= (14 AV) = 
(1.05)! = 0.9524 per unit. From (3.7.5)-(3.7.8), the admittance param- 
eters of the regulating transformer in series with line L1 are 


Yuu = = —j40 


I 
j0.25 
Yam = (0.9524) (—/4.0) = — j3.628 
a= Yppn-—-Yano-(-0:524)(-j40)— j3810-— 7 — | 


For line L2 alone, 


Yu, = You = 36 = — 75.0 

Yita = Yap = —(—/5.0) = 75.0 
Combining the above admittances in parallel, 

Yu = Yun + Yn = —j40 — j50 = —79.0 


V2 Voip Ve <3 608 = 50S 7868 
Yi) = Y3 = Ynn + Yue = j3.810 + /5.0 = 78.810 per unit 


FIGURE 3.28 j0.20 


Positive-sequence circuit 
for Example.3.13 
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b. For the phase-angle-regulating transformer, c = 1/—a = 1/—3°. Then, for 
this regulating transformer in series with line L1, 


Pedo Say 
Yun = 025 — 74.0 


You) = |1.0/ —3*|^(— j4.0) = —j4.0 
Yixi = —(1.0/—3°)(— 4.0) = 4.0/87° = 0.2093 + 3.9945 
Your) = —(1.0/—3°)*(—/4.0) = 4.0/93° = —0.2093 + 73.9945 


The admittance parameters for line L2 alone are given in part (a) above. 
Combining the admittances in parallel, 


Yi = Y» = —j4.0 — j5.0 = —j9.0 
Yi, = 0.2093 + 73.9945 + 75.0 = 0.2093 + 78.9945 
Yi = —0.2093 + 73.9945 + 75.0 = —0.2093 + 78.9945 per unit 
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An animated view of this example is provided in PowerWorld Simulator 
case Example 3_13. In this case, the transformer and a parallel transmis- 
sion line are assumed to be supplying power from a 345-kV generator to a 
345-kV load, with an initial phase angle of 3 degrees. First select Simula- 
tion, Solve and Animate, then click on the arrows next to the phase angle 
to change the angle in one-degree steps, or by the tap field to change the 
LTC tap in 0.625% steps. Notice that changing the phase angle primarily 
changes the real power flow, whereas changing the LTC tap changes the 
reactive power flow. In this example, the line flow fields are showing the 
‘absolute value of the real or reactive power flow; the direction of the flow 
is indicated with arrows. Traditional power flow programs usually indicate 
power flow direction using a convention that flow into the line or other 
device is assumed to be positive. Using this convention with the figure, the 
flows on the left side of the line would be positive and those on the right 
would be negative. You can display results in PowerWorld Simulator 
using this convention by unchecking the “Use Absolute Values for 
MW/Mvar Line Flows" field on the Display Options page of the Oneline 
Display Options dialog. E 


Note that a voltage-magnitude-regulating transformer controls the re- —.— 


—L———. ———— -. - e—a A RE: 


+> o — — active power flow in the series link in which it is installed, whereas a phase- 


angle-regulating transformer controls the real power flow (see Problem 3.59). 





PROBLEMS 


3.1 


3.2 


3.3 


SECTION 3.1 


(a) An ideal single-phase two-winding transformer with turns ratio a, = N1 /N>2 is con- 


nected with a series impedance Z> across winding 2. If one wants to replace Z}, with a 
series impedance Z, across winding | and keep the terminal behavior of the two cir- 
cuits to be identical, find Z in terms of Zz. | 

(b) Would the above result be true if instead of a series impedance there is a shunt 


impedance? 


(c) Can one refer a ladder network on the secondary (2) side to the primary (1) side 
simply by multiplying every impendance by a2? 


An ideal transformer with N; = 2000 and N2 = 500 is connected with an impedance 
Z», across winding 2, called secondary. If V, = 1000 /0° V and I1 =5 / -30? A, 
determine V2, D, Z2, and the impedance Z5, which is the value of Z, referred to the 
primary side of the transformer. 


Consider an ideal transformer with» N, = 3000 and N3 = 500 turns. Let winding 1 be 
connected to a source whose voltage is e(t) = 100(1 — |t|} volts for —1 < ż < 1 and 
e(t) = 0 for |r| > 1 second. A 3-farad capacitor is connected across winding 2, Sketch 
ey(t), ex(t), i (r), and ù (t) versus time t. 


3.4 


3.5 


3.6 


3.7 


3.8 


+ 
Vin = a 
18 sin 10tV _ 


FIGURE 3.29 


3.9 


3.10 


PROBLEMS 14] - 


A single-phase 100-kVA, 2400/240-volt, 60-Hz distribution transformer is used as a 
step-down transformer. The load, which is connected to the 240-volt secondary wind- 
ing, absorbs 80 kVA at 0.8 power factor lagging and is at 230 volts. Assuming an 
ideal transformer, calculate the following: (a) primary voltage, (b) load impedance, (c) 
load impedance referred to the primary, and (d) the real and reactive power supplied 
to the primary winding. 

Rework Problem 3.4 if the load connected to the 240-V secondary winding absorbs 
110 kVA under short-term overload conditions at 0.85 power factor leading and at 
230 volts. 


For a conceptual single-phase, phase-shifting transformer, the primary voltage leads. 
the secondary voltage by 30?. A load connected to the secondary winding absorbs 
50 kVA at 0.9 power factor leading and at a voltage E; = 277/0° volts, Determine 
(a) the primary voltage, (b) primary and secondary currents, (c) load impedance 
referred to the primary winding, and (d) complex power supplied to the primary 
winding. 

Consider a source of voltage v(t) = 102 sin(2r)V, with an internal resistance of 1800 
Q. A transformer that can be considered as ideal is used to couple a 50-2 resistive load 
to the source. (a) Determine the transformer primary-to-secondary turns ratio required 
to ehsure maximum power transfer by matching the load and source resistances. (b) 
Find the average power delivered to the load, assuming maximum power transfer, 


For the circuit shown in Figure 3.29; determine voyt(t). 














180 
2:1 Jeep eee t 
ee " 
80 — vt) 

e 

Ideal Ideal 

transformer transformer 
Problem 3.8 


SECTION 3.2 


A single-phase transformer has 2000 turns on the primary winding and 500 turns 
on the secondary. Winding resistances are Ry = 2 Q.and R; = 0.125 Q; leakage re- 
actances are X, = 8 Q and X; = 0.5 Q. The resistance load on the secondary is 12 Q. 
(a) If the applied voltage at the terminals of the primary is 1000 V, determine V2 at 
the load terminals of the transformer, neglecting magnetizing current. 

(b) If the voltage regulation is defined as the difference between the voltage magnitude 
at the load terminals of the transformer at full load and at no load in percent of full- 
load voltage with input voltage held constant, compute the percent voltage regulation. 


A single-phase step-down transformer is rated 15 MVA, 66 kV/11.5 kV. With the 
11.5 kV winding short-circuited, rated current flows when the voltage applied to the 


4M 
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-3.12 


3.13 


3.15 


3.16 


primary is 5.5 kV. The power input is read as 100 kW. Determine Regi and Xeqi in 
ohms referred to the high-voltage winding. 


For the transformer in Problem 3.10, the open-circuit test with 11.5 kV applied results 
in a power input of 65 kW and a current of 30 A. Compute the values for G; and Bm 
in siemens referred to the high-voltage winding. Compute the efficiency of the trans- 
former for a load of 10 MW at 0.8 PF lagging at rated voltage. 


The following data are obtained when open-circuit and short-circuit tests are per- 
formed on a single-phase, 50-kVA, 2400/240-volt, 60-Hz distribution transformer. 


VOLTAGE CURRENT . POWER 
(volts) (amperes) (watts) 
Measurements on low-voltage side with 
high-voltage winding open 240 5.97 213 
Measurements on high-voltage side l 


with low-voltage winding shorted 60.0 20.8 750 


(a) Neglecting the series impedance, determine the exciting admittance referred to the 
high-voltage side. (b) Neglecting the excitmg admittance, determine the equivalent 


. series impedance referred to the high-voltage side. (c) Assuming equal series imped- - 


- ancës forthe primary and referred secondary, obtain an equivalent T-circuit referred to 


the high-voltage side. 


A single-phase 100-kVA, 2400/240-volt, 60-Hz distribution transformer has a 2-ohm 
equivalent leakage reactance and a 6000-ohm magnetizing reactance referred to the 
high-voltage side. If rated voltage ts applied to the high-voltage winding, calculate 
the open-circuit secondary voltage. Neglect I'R and G?V losses. Assume equal series 
leakage reactances for the primary and referred secondary. Y 

A single-phase 50-kVA, 2400/240-volt, 60-Hz distribution transformer is used as a 
step-down transformer at the load end of a 2400-volt feeder whose series impedance is 
(1.0 + 2.0) ohms. The equivalent series impedance of the transformer is (1.0 + 2.5) 
ohms referred to the high-voltage (primary) side. The transformer is delivering rated 
load at 0.8 power factor lagging and at rated secondary voltage. Neglecting the 
transformer exciting current, determine (a) the voltage at the transformer primary 
terminals, (b) the voltage at the sending end of the feeder, and (c) the real and reactive 
power delivered to the sending end.of the feeder. 

Rework Problem 3.14 if the transformer is delivering rated load at rated secondary 
voltage and at (a) unity power factor, (b) 0.8 power factor leading. Compare the re- 
sults with those of Problem 3.14. 

A single-phase, 50-kVA, 2400/240-V, 60-Hz distribution transformer has the following 
parameters: | 


Resistance of the 2400-V winding: R; = 0.75 Q 
Resistance of the 240-V winding: R: = 0.0075 Q 
Leakage reactance of the 2400-V winding: X, = 1.0 Q 

| Leakage reactance of the 240-V winding: X? = 0.01 Q 
Exciting admittance on the 240-V side — 0.003 — j0.02 S 
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FIGURE 3.30 
Problem 3.23 
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(a) Draw the equivalent circuit referred to the high-voltage side of the transformer. 
(b) Draw the equivalent circuit referred to the low-voltage side of the transformer. 
Show the numerical values of impedances on the equivalent circuits. 


The transformer of Problem 3.16 is supplying a rated load of 50 kVA at a rated sec- 
ondary voltage of 240 V and at 0.8 power factor lagging. Neglecting the transformer 
exciting current, (a) Determine the input terminal voltage of the transformer on the 
high-voltage side. (b) Sketch the corresponding phasor diagram. (c) If the transformer 
is used as a step-down transformer at the load end of a feeder whose impedance is 
0.5 + j2.0 Q, find the voltage Vs and the power factor at the sending end of the feeder. 


SECTION 3.3 


Using the transformer ratings as base quantities, work Problem 3.13 in per-unit. 
Using the transformer ratings as base quantities, work Problem 3.14 in per-unit. 
Using base values of 20 kVA and 115 volts in zone 3, rework Example 3.4. 
Rework Example 3.5, using Sy4434 = 100 kVA and Vpa;. = 600 volts. 


A balanced Y-connected voltage source with Eag = 277/0? volts is applied to a 
balanced-Y load in parallel with a balanced-A load, where Zy = 30+ j10 and Z4 = 
45 — j25 ohms. The Y load is solidly grounded. Using base values of Sy44; = 5 KVA 
and VbaseLN = 277 volts, calculate the source current 7, in per-unit and in amperes. 


Figure 3.30 shows the one-line diagram of a three-phase power system. By selecting a 
common base of 100 MVA and 22 kV on the generator side, draw an impedance dia- 
gram showing all impedances including the load impedance in per-unit. The data are 
given as follows: 


G: 90MVA  22kV x — 0.18 per unit 
TI: 50MVA  22/20kV x =0.10 per unit 
T2: 40MVA 220/11 kV x = 0.06 per unit 
T3: 40MVA  22/ll0 kV x = 0.064 per unit 
T4: 40MVA 110/11 kV x = 0.08 per unit 
M: 66.5MVA 10.45kV  Á x—0.185 per unit 


Lines 1 and 2 have series reactances of 48.4 and 65.43 Q, respectively. At bus 4, the 
three-phase load absorbs 57 MVA at 10.45 kV and 0.6 power factor lagging. 


ME UCM 3 \% 4 
| Line 1 | | 
220 kV 
Ta T, 


: Line 2 j Load 
| 110 kV | | \ _ Tay 
’ ew Be = Sh 
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FIGURE 3.31 


Single-phase electric 
system for Problem 3.25 
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FIGURE 3,32 
System for Problem 3.28 


For Problem 3.18, the motor operates at full load, at 0.8 power factor leading, and at 
a terminal voltage of 10.45 kV. Determine (a) the voltage at bus 1, the generator bus, 
and (b) the generator and motor internal EMFs. 


Consider a single-phase electric system shown in Figure 3.31. 

Transformers are rated as follows: 

X-Y 15 MVA, 13.8/138 kV, leakage reactance 10% 

Y-Z 15 MVA, 138/69 kV, leakage reactance 8% 

With the base in circuit Y chosen as 15 MVA, 138 kV, determine the per-unit im- 
pedance of the 500 Q resistive load in circuit Z, referred to circuits Z, Y, and X. Ne- 
glecting magnetizing currents, transformer resistances, and line impedances, draw the 
impedance diagram tn per unit. 


- 5000 





A bank of three single-phase transformers, each rated 30 MVA, 38.1/3.81 kV, are 
connected in Y-A with a balanced load of three 1 — Q, wye-connected resistors. 
Choosing a base of 90 MVA, 66 kV for the high-voltage side of the three-phase trans- 
former, specify the base for the low-voltage side. Compute the per-unit resistance of 
the load on the base for the low-voltage side. Also, determine the load resistance in 
ohms referred to the high-voltage side and the per-unit value on the chosen base. 


A three-phase transformer 1s rated 500 MVA, 220 Y/22 A kV. The wye-equivalent 
short-circuit impedance, considered equal to the leakage reactance, measured on the 
low-voltage side is 0.1 Q. Compute the per-unit reactance of the transformer. In a 
system in which the base on the high-voltage side of the transformer is 100 MVA, 230 
kV, what value of the per-unit reactance should be used to represent this transformer? 


For the system shown in Figure 3.32, draw an impedance diagram in per unit, 
by choosing 100 kVA to be the base kVA and 2400 V as the base voltage for the 
generators. 


10 kVA 
2400 V l 
&= /0.2pu Tt Transmission Line ^ 
E 7. (50 + j200)0 3E (M) 
20 kVA 40 kVA 80 kVA 25 kVA 
2400 V 2400/9600 V 10/5 kV 4 kV 


Z= j0.2pU Z- jO.1pu : Z= jO0.1pu 
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FIGURE 3.33 


A~Y connection for 
Problem 3.29 
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Consider three ideal single-phase transformers (with a voltage gain of y} put together 
as a delta-wye three-phase bank as shown in Figure 3.33. Assuming positive-sequence 
voltages for Van, Von, and Vey, find Vary, Vow, and V, in terms of Fan, Von, and Ven, 
respectively. 

(a) Would such relationships hold for the line voltages as well? 

(b) Looking into the current relationships, express 77, J5, and J’ in terms of J, Js, and 
Ie, respectively, 

(c) Let S" and S be the per- phase complex power output and input, respectively. Find 
S" in terms of S. 


Reconsider Problem 3.29. If Van, Von, and Ven are a negative-sequence set, how would 
the voltage and current relationships change? 

(a) If C, is the complex positive-sequence voltage gain in Problem 3.29, and C is the 
negative sequence complex voltage gain, express the relationship between C, and C3. 


If positive-sequence voltages are assumed and the wye-delta connection is considered, 
again with ideal transformers as in Problem 3.29, find the complex voltage gain C3. 
(a) What would the gain be for a negative-sequence set? 

(b) Comment on the complex power gain. 

(c) When terminated in a symmetric wye-connected load, find the referred impedance 
Z,, the secondary impedance Z, referred to primary (1.e., the per-phase driving-point 
impedance on the primary side), in terms of Zz and the complex voltage gain C. 


SECTION 3.4 


Detertnine the positive- and negative-sequence phase shifts for the three-phase trans- 


_ formers shown in Figure 3.34. 


Consider the three single-phase two-winding transformers shown in Figure 3.35, The 
high-voltage windings are connected in Y. (a) For the low-voltage side, connect the 
windings in A, place the polarity marks, and label the terminals a, b, and c in accor- 
dance with the American standard. (b) Relabel the terminals a’, b', and c’ such that 
Vin is 90° out of phase with V,., for positive sequence. 
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HA H8 HC 
[1 * é 
N turns 
HA HB HC 
e a è =k 
N turns XC XA XB 
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= N turns 
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N turns MA 
N turns 
XC XB 
N turns 
.. JN turns, 
(a) Y-A-^ transformer (b) Y-X-21g-zag transformer (c) Extended A autotransformer 


FIGURE 3.34 Problems 3.32 and 3.52 (Coils drawn on the same vertical line are on the same core) 


FIGURE 3.35 
Problem 3.33 
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Three single-phase, two-winding transformers, each rated 450 MVA, 20 kV/288.7 kV, 
with leakage reactance X,4 = 0.10 per unit, are connected to form a three-phase bank. 
The high-voltage windings are connected in Y with a solidly grounded neutral. Draw 
the per-unit equivalent circuit 1f the low-voltage windings are connected (a) in A with 
American standard phase shift, (b) in Y with an open neutral. Use the transformer 
ratings as base quantities. Winding resistances and exciting current are neglected. 


Consider a bank of three single-phase two-winding transformers whose high-voltage 
terminals are connected to a three-phase, 13.8-kV feeder. The low-voltage terminals 
are connected to a three-phase substation load rated 2.4 MV A and 2.3 kV. Determine 
the required voltage, current, and MVA ratings of both windings of each trans- 
former, when the high-voltage/low-voltage windings are connected (a) Y-A, (b) A-Y, 

(c) Y-Y, and (d) A-A. 


Three single-phase two-winding transformers, each rated 25 MVA, 34.5/13.8 kV, are 
connected to form a three-phase A-A bank. Balanced positive-sequence voltages are 
applied to the high-voltage terminals, and a balanced, resistive Y load connected to 
the low-voltage terminals absorbs 75 MW at 13.8 kV. If one of the single-phase trans- 
formers js removed (resulting in an open-A connection) and the balanced load is 
simultaneously reduced to 43.3 MW (57.7% of the original value), determine (a) the 
load voltages Vin, Vin, and Van; (b) load currents Tu, Ip, and Z; and (c) the MVA sup- 
plied by each of the remaining two transformers. Are balanced voltages still applied to 
the load? Is the open-A transformer overloaded? 


Three single-phase two-winding transformers, each rated 25 MVA, 38.1/3.81 kV, are 
connected to form a three-phase Y-A bank with a balanced Y-connected resistive 
load of 0.6 Q per phase on the low-voltage side. By choosing a base of 75 MVA (three 
phase) and 66 kV (line-to-line) for the high voltage side of the transformer bank, 
specify the base quantities for the low-voltage side. Determine the per-unit resistance 
of the load on the base for the low-voltage side. Then determine the load resistance 
Ri in ohms referred to the high-voltage side and the per-unit value of this load resis- 
tance on the chosen base. 


Consider a three-phase generator rated 300 MVA, 23 KV, supplying a system load 
of 240 MVA and 0.9 power factor lagging at 230 kV through a 330 MVA, 23 A/ 
230 Y-kV step-up transformer with a leakage reactance of 0.11 per unit. (a) Neglect- 
ing the exciting current and choosing base values at the load of 100 MVA and 230 kV, 
find the phasor currents Ja, Ja, and Jc supplied to the load in per unit. (b) By choosing 
the load terminal voliage V4 as reference, specify the proper base for the generator 
circuit and determine the generator voltage V as well as the phasor currents 7,, A, and 
I., from the generator. (Note: Take into account the phase shift of the transformer.). 
(c) Find the generator terminal voltage in kV and the real power supplied by the gener- 
ator in MW. (d) By omitting the transformer phase shift altogether, check to see 
whether you get the same magnitude of generator terminal voltage and real power de- 
livered by the generator. 


SECTION 3.5 


The leakage reactance of a three-phase, 500-MVA, 345 Y /23 A-kV transformer is 0.09 
per unit based on its own ratings. The Y winding has a solidly grounded neutral. Draw 
the per-unit equivalent circuit, Neglect the exciting admittance and assume American 
standard phase shift. 
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3.40 


FIGURE 3.36 
Problems 3.41 and 3.42 
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3.42 


3.43 


3.44 


Choosing system bases to be 360/24 kV and 100 MVA, redraw the per-unit equivalent 
circuit for Problem 3.39. 


Consider the single-line diagram of the power system shown in Figure 3.36. Equip- 
ment ratings are: 


generator 1: 750 MVA, 18 kV, X" = 02 per unit 

generator 2; 750 MVA, 18 kV, X" = 0.2 

synchronous motor 3: 1500 MVA, 20 kV, X" 202 

3-phase A-Y transformers 750 MVA, 500 kV Y/20 kV A, X 20.1 
Ti, To, T5, Ta: 


3-phase Y-Y transformer Ts: 1500 MVA, 500 kV Y/20 kV Y, X 2 0.1 


Neglecting resistance, transformer phase shift, and maguetizing reactance, draw the 
equivalent reactance diagram. Use a base of 100 MVA and 500 kV for the 40-ohm 
line. Determine the per-unit reactances. 





For the power system in Problem 3.41, the synchronous motor absorbs 1200 MW at 
0.8 power factor leading with the bus 3 voltage at 18 kV. Determine the bus | and bus 
2 voltages in kV. Assume that generators 1 and 2 deliver equal real powers and equal 
reactive powers. Also assume a balanced three-phase system with positive-sequence: 
Sources. 


Three single-phase transformers, each rated 10 MVA, 66.4/12.5 kV, 60 Hz, with an 
equivalent senes reactance of 0.12 per unit divided equally between primary and sec- 
ondary, are connected in a three-phase bank. The high-voltage windings are Y con- 
nected and their terminals are directly connected to a 115-kV three-phase bus. The sec- 
ondary terminals are al] shorted together. Find the currents entering the high-voltage 
terminals and leaving the low-voltage terminals if the low-voltage windings are (a) Y 
connected, (b) A connected. | 


A 100-MVA, 13.2-kV three-phase generator, which has a positive-sequence reactance 
of 1.2 per unit on the generator base, is connected to a 110-MVA, 13.2 A/I1S Y-kV 
step-up transformer with a series impedance of (0.005 + 70.1) per unit on its own 
base. (a) Calculate the per-unit generator reactance on the transformer base. (b) The, 
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FIGURE 3.37 
Problems 3.45 and 3.46 


3.46 


3.47 


FIGURE 3.38 


One-line diagram for 
Problem 3.47 


3.48 
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load at the transformer terminals is 80 MW at unity power factor and at 115 kV. 
Choosing the transformer high-side voltage as the reference phasor, draw a phasor 
diagram for this condition. (c) For the condition of part (b), find the transformer 
low-side voltage and the generator internal voltage behind its reactance. Also com- 
pute the generator output power and power factor. 


Figure 3.37 shows a one-line diagram of a system in which the three-phase generator 
is rated 300 MVA, 20 kV with a subtransient reactance of 0.2 per unit and with its 
neutral grounded through a 0.4-Q reactor. The transmission line is 64 km long with a 
series reactance of 0.5 Q/km. The three-phase transformer T is rated 350 MVA, 230/ 
20 kV with a leakage reactance of 0.1 per unit. Transformer 7» is composed of three 
single-phase transformers, each rated 100. MVA, 127/13.2 kV: with a leakage reactance 
of 0.1 per unit. Two 13.2-kV motors M, and M^; with a subtransient reactance of 0.2 
per unit for each motor represent the load. M; has a rated input of 200 MVA with its 
neutral grounded through a 0.4-Q current-limiting reactor. Ma has a rated input of 
100 MVA with its neutral not connected to ground. Neglect phase shifts associated 
with the transformers. Choose the generator rating as base in the generator circuit and 
draw the positive-sequence reactance diagram showing all reactances in per unit. 


(20 kV) (13.8 kV) - 


M 
f, 230 kV Top 
k l l m n ig" 
per OR p ~M 
IFL rae T 


The motors M; and M»; of Problem 3.45 have inputs of 120 and 60 MW, respectively, 
at 13.2 kV, and both operate at unity power factor. Determine the generator terminal 
voltage and voltage regulation of the line. Neglect transformer phase shifts. 


Consider the one-line diagram shown in Figure 3.38. The three-phase transformer 
bank is made up of three identical single-phase transformers, each specified by X; = 
0.24 Q (on thé low-voltage side), negligible resistance and magnetizing current, and 
turns ratio 7 = N2/N, = 10. The transformer bank is delivering 100 MW at 0.8 PF 
lagging to a substation bus whose voltage is 230 kV. 

(a) Determine the primary current magnitude, primary voltage (line-to-line) magni- 
tude, and the three-phase complex power supplied by the generator. Choose the line- 
to-neutral.voltage at the bus, Vyp, as the reference. Account for the phase shift, and 
assume positive-sequence operation. 

(b) Find the phase shift between the primary and secondary voltages. 


O—3 m To rest of the system 


on ely 230-kV substation 
Step-up bus 
transformer bank 
With the same transformer banks as in Problem 3.47, Figure 3.39 shows the one-line 


diagram of a generator, a step-up transformer bank, a transmission line, a step-down 
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FIGURE 3.39 


One-line diagram for 
Problem 3.48 
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FIGURE 3.40 


One-line diagram for 
Problem 3.49 
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T; T; 


Zune = {1002 
= £l : : Zia F Stj] 
Transmission line 


Generator AY YA 


Step-up Step-down 
transformer bank transformer bank 


transformer bank. and an impedance load. The generator terminal voltage is 15 kV 
(line-to-line). 

(a) Draw the per-phase equivalent circuit, accounting for phase shifts for positive- 
sequence operation. 

(b) By choosing the line-to-neutral generator terminal voltage as the reference, deter- 
mine the magnitudes of the generator current, transmission-line current, load current, 
and line-to-line load voltage. Also, find the three-phase complex power delivered to 
the load. 


Consider the single-line diagram of a power system shown in Figure 3.40 with equip- 
ment ratings given below: 


Generator Gj: 50 MVA, 13.2 KV, x = 0.15 pu 
Generator G2: 20 MVA, 13.8 kV, x — 0.15 pu 
____3-phase. A-Y transformer. Ty .80-MVA,-13.2-A/165- Y-kV--X- —-0-1-pu-— le cà 
3-phase Y—A transformer P’: 40 MVA, 165 Y/13.8 A kV, X — 0.1 pu 
Load: 40 MVA, 0.8 PF lagging, operating at 150 kV 


Choose a base of 100 MVA for the system and 132-kV base in the transmission-line 
circuit. Let the load be modeled as a parallel combination of resistance and induc- 
tance. Neglect transformer phase shifts. 

Draw a per-phase equivalent circuit of the system showing all impedances in per unit. 






me 1i NT 
(50 + j200)O 
Gy 3 (25 +/100)R | (25 + j100)0 | : © 





Load 


SECTION 3.6 


A single-phase three-winding transformer has the following parameters: Zi = Z} = 
Zi = 0 + j0.06, G, — 0, and B,, — 0.2 per unit. Three identical transformers, as 
described, are connected with their primaries in Y (solidly grounded neutral) and 
with their secondaries and tertiaries in A. Draw the per-unit sequence networks of this 
transformer bank. 


The ratings of a three-phase three-winding transformer are: 
Primary (1): Y connected, 66 kV, 20 MVA 
Secondary (2): Y connected, 13.2 kV, 15 MVA 
Tertiary (3): A connected, 2.3 kV, 5 MVA 


3.52 


3.53 


3.55 


PROBLEMS 151 


Neglecting winding resistances and exciting current, the per-unit leakage reactances 
are: 


Xj; = 0.08 on a 20-MVA, 66-kV base 
X13 = 0.10 on a 20-MVA, 66-kV base 
X» = 0.09 on a 15-MVA,13.2-kV base 


(a) Determine the per-unit reactances Xj, X», X3 of the equivalent circuit on a 
20-MVA, 66-kV base at the primary terminals. (b) Purely resistive loads of 12 MW at 
13.2 kV and 5 MW at 2.3 kV are connected to the secondary and tertiary sides of the 
transformer, respectively. Draw the per-unit impedance diagram, showing the per-unit 
impedances on a 20-MVA, 66-kV base at-the primary terminals. 


Draw the per-unit equivalent circuit for the transformers shown in Figure 3.34, In- 
clude ideal phase-shifting transformers showing phase shifts determined in Problem 
3.32. Assume that all windings have the same kVA rating and that the equivalent 
leakage reactance of any two windings with the third winding open is 0.10 per unit. 
Neglect the exciting admittafice. 


The raüngs of a three-phase, three-winding transformer are: 
Primary: Y connected, 66 kV, 15 MVA 
Secondary: Y connected, 13.2 kV, 10 MVA 
Tertiary: A connected, 2.3 kV, 5 MVA 
Neglecting resistances and exciting current, the leakage reactances are: 
Xps = 0.07 per unit on a 15-MVA, 66-kV base 
Xpr = 0.09 per unit on a 15-MVA, 66-kV base 
XsT = 0.08 per unit on a 10-MVA, 13.2-kV base 


Determine the per-unit reactances of the per-phase equivalent circuit using a base of 
15 MVA and 66 kV for the primary. 


An infinite bus, which is a constant voltage source, is connected to the primary of the 
three-winding transformer of Problem 3.53. A 7.5-MVA, 13.2-kV synchronous motor 
with a subtransient reactance of 0.2 per unit is connected to the transformer second- 
ary. A 5-MW, 2.3-kV three-phase resistive load is connected to the tertiary. Choosing 
a base of 66 kV and 15 MVA in the primary, draw the impedance diagram of the sys- 
tem showing per-unit impedances, Neglect transformer exciting current, phase shifts, 
and all resistances except the resistive load. 


SECTION 3.7 


A single-phase 15-kVA, 2400/240-volt, 60-Hz two-winding distribution transformer Is 
connected as an autotransformer to step up the voltage from 2400 to 2640 volts. Xaj 


Draw a schematic diagram of this arrangement, showing all voltages and currents - 


when delivering full load at rated voltage. (b) Find the permissible kVA rating of the 


autotransformer if the winding currents and voltages are not to exceed the rated values 2 
as a two-winding transformer. How much of this kVA rating is transformed by mag- | 


netic induction? (c) The following data are obtained from tests carried out on the 
transformer when it 1s connected as à two-winding transformer: 
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Open-circuit test with the low-voltage terminals excited: 
Applied voltage = 240 V, Input current = 0.68 A, Input power = 105 W. 


Short-circuit test with the high-voltage terminals excited: 
Applied voltage = 120 V, Input current = 6.25 A, Input power = 330 W. 


Based on the data, compute the efficiency of the autotransformer corresponding to full 
load, rated voltage, and 0.8 power factor lagging. Comment on why the efficiency 1s 
higher as an autotransformer than as a two-winding transformer. 


Three single-phase two-winding transformers, each rated 3 kVA, 220/110 volts, 60 Hz, 
with a 0.10 per-unit leakage reactance, are connected as a three-phase extended A 
autotransformer bank, as shown in Figure 3.31(c). The low-voltage A winding has a 110 
volt rating. (a) Draw the positive-sequence phasor diagram and show that the high- 
voltage winding has a 479.5 volt rating. (b) A three-phase load connected to the low- 
voltage terminals absorbs 6 kW at 110 volts and at 0.8 power factor lagging. Draw the 
per-unit impedance diagram and calculate the voltage and current at the high-voltage 
terminals. Assume positive-sequence operation. 


A two-winding single-phase transformer rated 60 kVA, 240/1200 V, 60 Hz, has an 


efficiency of 0.96 when operated at rated load, 0.8 power factor lagging. This 
transformer is to be utilized as a 1440/1200-V step-down autotransformer in a 
power distribution system. (a) Find the permissible kVA rating of the autotrans- 
former if the winding currents and voltages are not to exceed the ratings as a two- 
winding transformer. Assume an ideal transformer. (b) Determine the efficiency of 
the autotransformer with the kVA loading of part (a) and 0.8 power factor leading. 


A single-phase two-winding transformer rated 90 MVA, 80/120 kV is to be connected 
as an autotransformer rated 80/200 kV. Assume that the transformer is ideal. (a) 
Draw a schematic diagram of the ideal transformer connected as an autotransformer, 
showing the voltages, currents, and dot notation for polarity. (b) Determine the per- 
missible kVA rating of the autotransformer if the winding currents and voltages are 
not to exceed the rated values as a two-winding transformer. How much of the KVA 
rating is transferred by magnetic induction? 


SECTION 3.8 


The two parallel lines in Example 3.13 supply a balanced load with a load current of 
1.0/ —30? per unit. Determine the real and reactive power supplied to the load bus 
from each parallel line with (a) no regulating transformer, (b) the voltage-magnitude- 
regulating transformer in Example .3.13(a), and (c) the phase-angle-regulating trans- 
former in Example 3.13(b). Assume that the voltage at bus abc 1s adjusted so that the 
voltage at bus a'b'c' remains constant at 1.0/0° per unit. Also assume positive se- 
quence. Comment on the effects of the regulating transformers. 


PowerWorld Simulator case Problem 3.60 duplicates Example 3.13 except that a re- 
sistance term of 0.05 per unit has been added to the first line and 0.04 per unit to the 
second. Since the system is no longer lossless, a field showing the real power losses has 
also been added to the one-line. With the LTC tap fixed at 1.05, plot the real power 


losses as the phase shift angle is varied from —10 to +10 degrees. What value of phase 


shift minimizes the system losses? 


Repeat Problem 3.60, except keep the phase-shift angle fixed at 3.0 degrees, while 
varying the LTC tap between 0.9 and 1.1. What tap value minimizes the real power 


- losses? | 
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FIGURE 3.41 
Problem 3.64 
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Rework Example 3.12 for a +10% tap, providing a 10% increase for the high-voltage 
winding. 

A 23/230-kV step-up transformer feeds a three-phase transmission line, which in turn 
supplies a 150-MVA, 0.8 lagging power factor load through a step-down 230/23-kV 
transformer. The impedance of the line and transformers at 230 kV is 18 + ;60 Q. 
Determine the tap setting for each transformer to maintain the voltage at the load at 
23 kV. 


The per-unit equivalent circuit of two transformers T, and T, connected in parallel, 
with the same nominal voltage ratio and the same reactance of 0.1 per unit on the same 
base, 1s shown in Figure 3.41. Transformer 7) has a voltage-magnitude step-up toward 
the load of 1.05 times that of T; (that is, the tap on the secondary winding of T, is set 
to 1.05). The load is represented by 0.8 + /0.6 per unit at a voltage V5 = 1.0/0? per 
unit. Determine the complex power in per unit transmitted to the load through each 
transformer. Comment on how the transformers share the real and reactive powers. 


~ 


Ta 





j0.6 


Reconsider Problem 3.64 with the change that now 75 includes both a transformer of 
the same turns ratio as 7, and a regulating transformer with a 3° phase shift. On the 
base of T,, the impedance of the two components of Tp is /0.1 per unit. Determine the 
complex power in per unit transmitted to the load through each transformer. Com- 
ment on how the transformers sháre the real and reactive powers. 





CASE STUDY QUESTIONS 


A. 


The case study for this chapter describes ways to extend the life of aging power 
transformers and paper-insulated-lead-covered (PILC) cables. What is the impact of 
an aging power-system equipment.on power system outages—their frequency and 
duration—and power system reliability? 


What are the advantages of extending the useful service life of power transformers and 
PILC cables? 
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765-kV transmission line 
with aluminum guyed-V 
towers ( Courtesy of 
American Electric Power 
Company ) 








TRANSMISSION LINE PARAMETERS 


ls this chapter, we discuss the four basic transmission-line parameters: series 
resistance, series inductance. shunt capacitance, and shunt conductance. We 
also investigate transmission-line electric and magnetic fields. 

Series resistance accounts for ohmic (I^R) line losses. Series impedance, 
including resistance and inductive reactance, gives rise to series-voltage drops 
along the line. Shunt capacitance gives rise to line-charging currents. Shunt 
conductance accounts for V^G line losses due to leakage currents between 
conductors or between conductors and ground. Shunt conductance of over- 
head lines 1s usually neglected. 

Although the ideas developed in this chapter can be applied to under- 
ground transmission and distribution, the primary focus here 1s on overhead 
lines. Underground transmission in the United States presently accounts for 
less than 1% of total transmission, and 1s found mostly in large cities or under 
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waterways. There is, however, a large application for underground cable in 


distribution systems. 


CASE STUDY 


Two transmission articles are presented here. The first article covers transmission 


conductor technologies including conventional conductors, high-temperature conductors, 
and emerging conductor technologies [10]. Conventional conductors include the 
aluminum conductor steel reinforced (ACSR), the homogeneous all aluminum alloy 
conductor (AAAC), the aluminum conductor alloy reinforced (ACAR), and others. High- 
temperature conductors are based on aluminum-zirconium alloys that resist the annealing 
effects of high temperatures. Emerging conductor designs make use of composite material 
technology. The second article describes American Electric Power's (AEP's) new 
Wyoming-Jacksons Ferry transmission line, which became operational in June 2006 [12]. 
This 90-mile, 765-kV line extends from AEP's Wyoming Station near Oceana WV to 
Jacksons Ferry Station near Pulaski VA. The new line uses a number of innovative 
technologies including the first 765-kV six-bundle conductor configuration in North 
America, which reduces the audible noise level of the project to approximately half that of 


earlier lines. 


Transmission Line Conductor Design 
Comes of Age 
ART J. PETERSON JR. AND SVEN HOFFMANN 


Deregulation and competition have changed power 
flows across transmission networks significantly, 
Meanwhile, demand for electricity continues to 
grow, as do the increasing challenges of building new 
transmission circuits. As a result, utilities need in- 
novative ways to increase circuit capacities to re- 
duce congestion and maintain reliability. 

National Grid is monitoring transmission con- 
ductor technologies with the intent of testing and 
deploying innovative conductor technologies within 
the United States over the next few years. In the UK, 
National Grid has been using conductor replace- 
ment as a means of increasing circuit capacity since 
the mid 1980s, most recently involving the high- 
temperature, low-sag "Gap-type" conductor. As 
a first step in developing a global conductor de- 
ployment strategy, National Grid embarked on an 
overall assessment of overhead transmission line 


(“Transmission Line Conductor Design Comes of Age” by Art 
J. Peterson Jr. and Sven Hoffmann, Transmission & 
Distribution World Magazine, (Aug/2006).) 


conductor technologies, examining innovative, and 
emerging technologies. 


About National Grid 

National Grid USA is a subsidiary of National Grid 
Transco, an international energy-delivery business 
with principal activities in the regulated electric and 
gas industries. National Grid is the largest transmis- 
sion business in the northeast United States, as 
well as one of the 10 largest electric utilities in the 
United States National Grid achieved this by com- 
bining New England Electric System, Eastern Utilities 
Associates and Niagara Mohawk between March 
2000 and January 2002. Its electricity-delivery net- 
work includes 9000 miles (14,484 km) of trans- 
mission lines and 72,000 miles (115,872 km) of 
distribution lines. 

National Grid UK is the owner, operator and 
developer of the high-voltage electricity transmis- 
sion network in England and Wales, comprising ap- 
proximately 9000 circuit-miles of overhead line and 
600 circuit-miles of underground cable at 275 and 
400 kV, connecting more than 300 substations. 





De-stranding the Gap conductor for field installation. 


CONVENTIONAL CONDUCTORS 


The reality is that there is no single "wonder mate- 
rial." As such, the vast majority of overhead line 
conductors are nonhomogeneous (made up of 
more than one material). Typically, this involves a 
high-strength core material surrounded by a high- 
conductivity material. The most common conductor 
type is the aluminum conductor steel reinforced 
(ACSR), which has been in use for more than 80 
years. By varying the relative cross-sectional areas of 
steel and aluminum, the conductor can be made 
stronger at the expense of conductivity (for areas 
with high ice loads, for example), or it can be made 
more conductive at the expense of strength where 
it's not required. 

More recently, in the last 15 to 20 years, the 
homogeneous all-aluminum alloy conductor (AAAC) 
has become quite popular, especially for National 
Grid in the UK where it is now the standard con- 
ductor type employed for new and refurbished lines. 
Conductors made up of this alloy (a heat treatable 
aluminum-magnesium-silicon alloy) are, for che same 
diameter as an ACSR, stronger, lighter, and more 
conductive although they are a little more expensive 
and have a higher expansion coefficient. However, 
their high strength-to-weight ratio allows them to 
be strung to much lower initial sags, | which allows 
higher operating temperatures. The resulting ten- 
sion levels are relatively high, which could result 
in increased vibration and early fatigue of the 
conductors. In the UK, with favorable terrain, wind 
conditions and dampers, these tensions are accept- 
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Re-stranding of conductor. 


able and have allowed National Grid to increase the 
capacities of some lines by up to 50%. 

For the purpose of this article, the three materi- 
als mentioned so far— steel, aluminum and alumi- 
num alloy—are considered to be the: materials 
from which conventional conductors are made. The 
ACSR and AAAC are two examples of such conduc- 
tors. Other combinations available include alumi- 
num conductor alloy reinforced (ACAR), aluminum 
alloy conductor stee) reinforced {AACSR) and the 
less common all-aluminum conductor (AAC). 

Conductors of these materials also are available 
in other forms, such as compacted conductors, 
where the strands are shaped so as not to leave any 
voids within the conductor's cross section (a stan- 
dard conductor uses round strands), increasing the 
amount of conducting material without increasing 
the diameter. These conductors are designated : 
trapezoidal-wire (TW) or, for example, ACSR/TW 
and AACSR/TW,. Other shaped conductors are 
available that have noncircular cross sections de- 
signed to minimize the effects of wind-induced mo- 
tions and vibrations. 


HIGH-TEMPERATURE CONDUCTORS 


Research in Japan in the 1960s produced a series 
of aluminum-zirconium alloys that resisted the an- 
nealing effects of high temperatures. These alloys can 
retain their strength at temperatures up to 230°C 
(446 °F). The most common of these alloys—TAI, 
ZTAI and XTAI—are the basis of a variety of high- 
temperature conductors. 
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Clamp used for Gap conductor. 


The thermal expansion coefficients of all the 
conventional steel-cored conductors are governed 
by both materials together, resulting in a value be- 
tween that of the steel and that of the aluminum. 
This behavior relies on the fact chat both compo- 
nents are carrying mechanical stress. 

However, because the expansion coefficient of 
aluminum is twice that of steel, stress will be in- 
creasingly transferred to the steel core as the con- 
ductor’s temperature rises. Eventually the core 
bears all the stress in the conductor. From this point 
on, the conductor as a whole essentially takes on 
the expansion coefficient of the core. For a typical 
54/7 ACSR (54 aluminum. strands, 7 steel) this tran- 
sition point (also known as the "knee-point") occurs 
around 100°C (212°F). 

For tines built to accommodate relatively large 
sags, the T-aluminum conductor, steel reinforced 
(TACSR) conductor was developed. (This is essen- 
tially identical to ACSR but uses the heat-resistant 
aluminum alloy designated TAI). Because this con- 
ductor can be used at high temperatures with no 
strength loss, advantage can be taken of the low-sag 
behavior above the knee-point. 

If. à conductor could be designed with a core 
that exhibited a lower expansion coefficient than 
steel, or that exhibited a lower knee-point temper- 
ature, more advantage could be taken of the high- 
temperature alloys. A conductor that exhibits both 
of these properties uses Invar, an alloy of iron and 
nickel. Invar has an expansion coefficient about one- 
third of steel (2.8 microstrain per Kelvin up to 
100°C, and 3.6 over 100°C, as opposed to 11.5 
for steel). T-aluminum conductor Invar reinforced 
(TACIR) is capable of operation up to 150°C 
(302°F), with ZTACIR and XTACIR capable of 
210°C (410°F) and 230°C (446 °F), respectively. 

Further, the transition temperature, although 


dependent on many factors, is typically lower than 
that for an ACSR, allowing use of the high temper- 
atures within lower sag limits than required for the 
TACSR conductors. One disadvantage of this con- 
ductor is that Invar is considerably weaker than 
steel. Therefore, for high-strength applications (to 
resist ice loading, for example), the core needs 
to make up a greater proportion of the con- 
ductor’s area, reducing or even negating the high- 
temperature benefits. As a result, the ACIR-type 
conductors are used in favorable areas in Japan and 
Asia, but are not commonly used in the United 
States or Europe. 

There will still be instances, however, where in- 
sufficient clearance is available to take full advantage 
of the transitional behavior of the ACIR conductors. 
A conductor more suitable for uprating purposes 
would exhibit a knee-point at much lower temper- 
atures. Two conductors.are available that exhibit 
this behavior: the Gap-type conductor and a varíant 
of the ACSR that uses fully annealed aluminum. 

Developed in Japan during the 1970s, Gap- 
type ZT-aluminum conductor steel reinforced 
(GZTACSR) uses heat-resistant aluminum over a 
steel core. It has been used in Japan, Saudi Arabia, 
and Malaysia, and is being extensively implemented 
by National Grid in the UK. The principle of 'the 
Gap-type conductor is that it can be tensioned on 
the steel core alone during erection. A small annular 
Gap exists between a high-strength steel core 
and the first layer of trapezoidal-shaped aluminum 
strands, which allows this to be achieved. The result 
is a conductor with a knee-point at the erection 
temperature. Above this, thermal expansion is that 
of steel (11.5 microstrain pér Kelvin), while below 
it is that of a comparable ACSR (approximately 18). 
This construction allows for low-sag properties 
above the erection temperature and good strength 
below it as the aluminum alloy can take up signifi- 
cant load. 

For example, the application of GZTACSR by 
National Grid in the UK allowed a 90°C (194°F) 
rated 570 mm? AAAC to be replaced with a 620 
mm? GZTACSR (Matthew). The Gap-type conduc- 
tor, being of compacted construction, actually hada 
smaller diameter than the. AAAC, despite having a 
larger nomínal area. The low-sag properties allowed 
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Semi-strain assembly installed on line in a rural area of 
the UK. 


a rated temperature of 170?C (338°F) and gave a 
3076 increase in rating for the same sag. 

The principal drawback of the Gap-type conduc- 
tor is its complex installation procedure, which re- 
quires destranding the aluminum alloy to properly 
install on the joints. There is also the need for 
“semi-strain” assemblies for long line sections (typi- 
cally every five spans). Experience in the UK has 
shown that a Gap-type conductor requires about 
2576 more time to install than an ACSR. 

A semi-strain assembly is, in essence, a pair of 
back-to-back compression anchors at the bottom 
of a suspension insulator set. [t is needed to avoid 
potential problems caused by the friction that de- 
velopes between the steel core and the aluminum 
layers when using running blocks. This helps to 
prevent the steel core from hanging up within the 
conductor. 

During 1999 and 2000, in the UK, National Grid 
installed 8 km (single circuit) of Matthew GZTACSR. 
Later this year and continuing through to next year, 
National Grid will be refurbishing a 60 km (37-mile) 
double-circuit (120 circuit-km) route in the UK with 
Matthew. 

A different conductor of a more standard con- 
struction is aluminum conductor steel supported 
(ACSS), formerly known as SSAC. Introduced in the 
| 980s, this-conductor uses fully annealed aluminum 
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around a steel core. The steel core provides the 
entire conductor support. The aluminum strands 
are "dead soft," thus the conductor may be oper- 
ated at temperatures in excess of 200°C without 
loss of strength. The maximum operating tempera- 
ture of the conductor is limited by the coating used 
on the steel core. Conventional galvanized coatings 
deteriorate rapidly at temperatures above 245°C 
(473?F). Jf a zinc-5% aluminum mischmetal alloy 
coated steel core is used, temperatures of 250°C 
are possible. 

Since the fully annealed aluminum cannot support 
significant stress, the conductor has a thermal 
expansion similar to that of steel. Tension in the 
aluminum strands is normally low. This helps to im- 
prove the conductor's self-damping characteristics 
and helps to reduce the need for dampers. 

For some applications there will be concern over 
the lack of strength in the aluminum, as well as the 
possibility of damage to the relatively soft outer 
layers, However, ACSS is available as ACSS/TW, 
improving, its strength. ACSS requires special care 
when installing. The soft annealed aluminum wires 
can be easily damaged and "bird-caging" can occur. 
As with the other high-temperature conductors, the 
heat requíres the use of special suspension clamps, 
high-temperature deadends, and high-temperature 
splices to avoid hardware damage. 


EMERGING CONDUCTOR TECHNOLOGIES 


Presently, all the emerging designs have one thing 
in common—the use of composite material tech- 
nology. 

Aluminum conductor carbon fiber reinforced 
(ACFR) from Japan makes use of the very-low- 
expansion coefficient of carbon fiber, resulting in a 
conductor with a lower knee-point of around 70°C 
({58°F). The core is a resin-matrix composite con- 
taining carbon fiber. This composite is capable of 
withstanding temperatures up to 150°C. The ACFR 
is about 3076 lighter and has an expansion coefficient 
(above the knee-point) that is 876 that of an ACSR of 
the same stranding, giving a rating increase of 
around 5076 with no structural work required. 

Meanwhile, in the United States, 3M has devel- 
oped the Aluminum Conductor Composite Re- 
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A cross section of the Gap conductor. 


inforced (ACCR). The core is an aluminum-matrix 
composite containing alumina fibers, with the outer 
layers made from a heat-resiscant aluminum alloy. 
As with the ACFR, the low-expansion coefficient 
of the core contributes to a fairly low knee-point, 
allowing the conductor to make full use of the heat 
resistant alloy within existing sag constraints. De- 
pending on the application, rating increases between 
50% and 200% are possible as the conductor can be 
rated up to 230°C. 

Also in the United States, two more designs based 
on glass-fiber composites are emerging. Composite 
Technology Corp. (CTC; Irvine, California, U.S.) calls 
it the aluminum conductor composite core (ACCC), 
and W. Brandt Goldsworthy and Associates 
(Torrance, California) are developing composite re- 
inforced aluminum conductor (CRAC). These con- 


Mammoth 765-kV Project Winds 
Through Appalachian Mountains 


JIM HAUNTY 
AEP is constructing the VWyoming-Jacksons Ferry 


line having addressed community, environmental, 
regulatory, and design concerns. 


(“Mammoth 765-kV Project" by Jim Haunty, Transmission & 
Distribution World Magazine, (Feb/2006).) 


ductors are expected to offer between .40% and 
100% increases in ratings. 

Over the next few years, National Grid plans 
to install ACSS and the Gap conductor techology 
within its U.S. transmission system. Even a test span 
of one or more of the new composite conductors is 
being considered. 
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Grid's transmission line engineering and project 
management department in Syracuse, New York. 
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American electric power (AEP) operates more 
than 2000 miles (3219 km) of 765-kV transmission 
lines in the United States, from che southeastern 
shore of Lake Michigan to the rolling red clay Pied- 
mont country of central Virginia. Yet, for a critical 
90-mile (145-km) 765-kV transmission addition 
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AEP's southeastern area bulk transmission system showing the new 765-kV line from Wyoming Station to Jacksons 


Ferry Station. 


nearing completion ín just a few months in AEP's 
southern West Virginia and southwest Virginia 
service areas, it's as though AEP (Columbus, Ohio, 
U.S.) started from scratch, challenging assumptions 
of the past and taking a fresh look at all aspects of 
this project: engineering, right-of-way management, 
procurement, scheduling and construction practices. 

AEP's Wyoming-Jacksons Ferry line—the first 
major high-voltage supply line since 1973— 
stretches from its Wyoming station near Oceana, 
West Virginia, south to Jacksons Ferry Station near 
Wytheville and Pulaski, Virginia. Two major radial 
extensions of AEP’s 765-kV system were built in 
Virginia, but the new line is the first transmission 
line in more than 30 years from AEP's major gen- 
erating plants on the Kanawha and Ohio rivers to 


southern West Virginia, western Virginia and east- 
ern Kentucky. But not for want of trying. 


A SLOW START 


AEP announced plans in March 1990 for a 110-mile 
765-kV line to Roanoke, Virginia. This proposal 
evolved into the Wyoming-Jacksons Ferry line dur- 
ing regulatory proceedings in Virginia. An exhaus- 
tive, up-and-down permit review process before 
two state utility commissions and the U.S. Forest 
Service (USFS) consumed almost 13 years. As early 
as December 1995, the State Corporation Com- 
mission (SCC), Virginia's utility regulatory body, is- 
sued an interim order in which it cited a "compelling 
need for additional capacity" to serve southwest 
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Columbia Helicopter’s Chinook transporting guyed-V 
tower masts to tower erection sites. 


* 


Virginia and said that the proposed transmission line 
was the best alternative to meet the need. Finally, in 
December 2002 the USFS issued an environmental 
impact statement permitting |} miles (18 km) of the 
line to pass through the Jefferson National Forest in 
western Virginia. Following appeals and litigation by 
opponents of the line, as well as the SCC's approval 
of AEP's final line design and right-of-way clearing 
plans and early right-of-way acquisition, right-of-way 
clearing began in December 2003. Electricity is 
scheduled to begin flowing by late June 2006. The 
expression “started from scratch” was used to make 
a point about AEP’s innovations in connection with 
this largest transmission project currently underway 
in the United States. In reality, AEP was building 
upon almost 40 years of experience in the operation 
of 765-kV lines and almost 90 years of designing, 
building and operating transmission lines. AEP's first 
major transmission line was the Windsor-to-Canton 
| 38-kV line from a mine-mouth generating plant in 
the northern panhandle of West Virginia to the vital 
steel industries of northeast Ohio during World 
War I. 





Guyed-V tower mast base mounting detail. 


IT STARTS WITH THE WIRE 


With the Wyoming-Jacksons Ferry line, it all starts 
with the wire (795 kcm ACSR 45/7-Tern), and more 
specifically, with the number and arrangement of 
conductors. AEP's existing 765-kV system consists 
of two types of conductor bundles per phase. Each 
phase has four conductors. When AEP started its 
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Crews on the tower lift the six-bundle wire off the 
stringing block and attach it to the yoke plate. 


765-kV system in the late 1960s, each of the three 
phases consisted of four 954 kcm-Rail wires at a di- 
ameter of 1.165 inches (3 cm) per wire. When ad- 
ditions were made to this system in the mid-|970s, 
a larger (1352 kcm-Dipper) wire size (1.385 inches 
[3.5 cm]) per wire was selected and used for the 
remainder of the system. The result was 1098 miles 
(1767 km) of the original size and 924 miles (1487 
km) of the larger wire, until Wyoming-Jacksons 
Ferry. 

To improve efficiency by reducing corona and 
to reduce audible noise associated with the existing 
four-wire configuration at higher elevations in foul 
weather, AEP analyzed and tested various wire 
configurations and decided to instal! a new six-wire 
795-kcm bundle on the new line. In fact, in 1995 the 
company installed a |-mile (1.6-km) section of six- 
wire bundles on its Jacksons Ferry-Axton line in the 
Blue Ridge Mountains near Floyd, Virginia, south of 
Roanoke. This crial section of line proved invaluable 
during the siting and hearing process as local resi- 
dents and state regulators were able to observe first 
hand how the new design cut the audible noise 
nearly in half from older generations of 765-kV lines. 

Actual operation of this section of line and lab 
tests of the new design confirmed its improved op- 
eration, this important threshold decision begat a 
whole series of snowball actions. 





Specially designed "six-wire conductor motorized 
buggies" applying spacer-dampers after final sag/clip-end. 
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Among the initial challenges associated with the 
new six-wire design was how to arrange the six 
conductors. VVhat would be the most efficient shape 
or geometry of the six wires? With four wires, it 
was fairly simple, a square. Only the spacer-dampers 


changed with the four-wire design. Initially, a coiled 


wire spacer in the shape of a square was employed. 
Later, a stronger, solid X-shaped spacer was used to 
replace damaged square spacers. 

Where the existing four-wire arrangement mea- 
sures |8 inches (46 cm) per side, the new bundle— 
in the shape of a symmetrical hexagon—is held in 
place by a 30-inch (67-cm)-diameter spacer-damper. 
Of course, the new design was chosen only after 
rigorous lab and field testing for strength and corona. 

New conductor bundle geometry and spacer 
hardware drove the next challenge—electrical 
clearance from the tower structure itself. This re- 
quired new hardware and new connections. And 
these required design and testing. 


STRUCTURES ARE NEXT 


AEP’s existing guyed-V aluminum and self- 
supporting four-legged steel towers have proven to 
be a very efficient and acceptable design. The high 
cost of aluminum, and the fact that the market for 
aluminum tower construction had dried up, drove 
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Crew prepares for pulling wire by installing grips that will 
attach the wire to the running board lying on the ground. 
The running board is pulled through the blocks laying the 
six conductors in the proper wheel of the stringing 
block. 
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the company to galvanized steel for its guyed-V 
towers on the Wyoming-Jacksons Ferry line. While 
the same basic structure geometry was retained, a 
new family of structures was designed to incorpo- 
rate new connections and details. 

Prototypes of six new structure designs were 
assembled at the Electric Power Research Institute 
(EPRI) Solutions test facility in Haslet, Texas, U.S. 
These six structures represented a sample of the 
|2 types of towers used for the actual line. These 
prototypes were tested under varying loading con- 
ditions at the EPRI facility. Incremental improve- 
ments were made as a result. This type of structural 
testing is a balance between economics and en- 
gineering. The objective is to reach a level of 
comfort and confidence that a certain design, at a 
reasonable cost, will work. 

AEP's existing 765-kV system uses some 2.5 mil- 
lion ceramic insulators. The company invited bids 
for both ceramic and polymer insulators. AEP has 
used polymer insulators selectively in some applica- 
tions and extensively on its 345-kV transmission 
system serving its western service area in Texas, 
Oklahoma, Arkansas and Louisiana. 

After an exhaustive analysis of the risks of 
using the new materíal and the costs and benefits of 
polymer insulators, AEP opted for polymer on the 
223 guyed-V towers and 70 dead-end towers be- 
cause it is less expensive, lighter and easier to han- 
dle. Ceramic insulators were installed on the 40 self- 
supporting suspension towers. 

AEP's guyed-V towers use four stranded steel 
guys that are anchored by grouted strands (up to a 
1.625-inch [4.128-cm] diameter) at a depth of 55 ft 
to 90 ft (17 m to 27 m) into soil and bedrock in the 


mountainous terrain of West Virginia and Virginia. | 


This is a unique design developed by AEP for earlier 
generations of 765-kV transmission construction. 


AESTHETICS AND ACCESS 


Because of the protracted |3-year permitting and 
siting approval process involving regulatory com- 
missions in Virginia and West Virginia and the USFS 
and local opposition to this project, building the line 
itself would require great care and sensitivity. AEP 





The completed line is shown here traversing the rolling 
and mountainous landscape of Tazewell County, Virginia. 
The longest conductor span on the project is 3948 ft 
(1203 m). 


engaged a team of land-use experts from Virginia 
Tech and West Virginia universities who went 
through a significant process of analysis to re- 


commend a 1000-ft (305-m)-wide corridor that. . 


minimized environmental and visual impacts to.a 
landscape with cherished scenic and cultural values. 
They hiked and drove thousands of miles observing, 
taking notes and snapping photos, and they created 
computer images of towers imposed on the land- 
scape to simulate impacts. Working with property 
owners and regulatory agencies, AEP engineers se- 
lected an optimum 200-ft (61-m)-wide right of way 
within the | 000-ft corridor. 

AEP selected PAR Electrical Contractors Inc. 
(Kansas City, Missouri, U.5.), part of Quanta Ser- 
vices Inc., as its line construction contractor and 
brought PAR in early as a partner in construction 
preplanning. Due in part to the sensitivities cited 
previously regarding land-disturbing activities, AEP 
decided to award separate specialty contracts, one 
for right-of-way and tower site clearing (Phillips & 
Jordan Inc.; Wilmington, North Carolina, U.S.) and 
the second for access road construction and main- 
tenance and land reclamation (Orders Construction 
Co.; St. Albans, West Virginia). 


AEP had committed during the permitting pro- 
cess to minimize clearing, that is, to remove only 
tall-growing incompatible species and leave lower- 
growing species and to selectively apply herbicides 
exclusively by hand from the ground in the future. 
For example, the right of way was not cleared 
where conductor-to-ground clearance exceeded 
100 fe (30.5 m). | 

The road subcontractor used, and in some 
cases improved, existing roads for access to tower 
sites. In all, 160 miles (257 km) of new roads were 
constructed ín the mountainous terrain. The road 
contractor was also responsible ior maintaining 
countless public and private roads during construc- 
tíon. 

While cranes were used printarily to erect 
towers, helicopters were used to transport workers 
and materials to these sites, as weil as for many 
other uses. In fact, helicopters were used wherever 
possible, particularly for completing nine guyed-V 
towers in inaccessible and restricted access areas, 
including one tower site in a roadless area of the 
Jefferson National Forest. Helicopters also were in- 
valuable in transporting and setting guyed-V tower 
masts. In addition, they were used for hanging in- 
sulators and other hardware, replenishing wire bug- 
gies with spacer-dampers, flying and threading lead 
lines, and transporting steel bundles and conductor 
reels. 


INNOVATION FOR THE FUTURE 


The Wyoming-Jacksons Ferry line represents a so- 
lution to the need for additional electrical capacity in 
a part of AEP's service area. But innovations em- 
bodied in the physical aspects of the line—new wire 
bundle design and new tower series—confirm a 
commitment on AEP's part to push beyond the 
status quo and provide technical leadership for the 
electric utility industry. As AEP electrical engineers, 
high-voltage system planners and transmission en- 
gineers undertook the task of designing this new line 
in 1991 by looking to improve on the past, future 
transmission planners will look to advances made 
with Wyoming-Jacksons Ferry as their launching 
pad. TDW 
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EDITOR’S NOTE 


This is the first in a series of articles on AEP's 


Wyoming-Jacksons Ferry 765-kV project. Future 


articles will highlight construction, engineering 
and the six-wire bundle configuration used on the 
project. More information about the Wyoming- 
Jacksons Ferry project can be found online at www 
apcocustomer.com/news/765kv/default.asp. 


Jim Haunty served as vice president of Transmis- 
sion Capital Improvements for AEP until he retired 
on Dec. 3t, 2005. He was responsible for engineer- 
ing, design, construction and project management 
for the company's lí-state transmission line and 
T&D substation system capital project. After service 
in the U.S. Navy, Haunty entered this industry in 
1967 with (at that time) AB Chance Steel Poles 
Constructors Division (Houston, Texas). His AEP 
career first began in late [969 when he started with 
Columbus Southern Ohio Electric (CSOE) as su- 
pervisor civil engineering design. He left CSOE and 
returned in 1974, and has since held a variety of 
management positions with AEP. Haunty holds a 
BSCE degree from Purdue University in West La- 
fayette, Indiana. 


Experts validate need for transmission line 

The winter of 2005—2006 should be the last one 
that customers of American Electric Power (AEP) 
operating companies in southern West Virginia 
and southwest Virginia have to live without a much- 
needed, long-proposed and long-delayed major 
transmission line now under construction. AEP's 
Wyoming-Jacksons Ferry 765-kV line is scheduled 
for completion in a few months following a two- 
and-a-half-year construction project. Electricity 
should start to flow on the 90-mile (145-km) line in 
late June 2006. 

Announced in [990, the line—originally a | 10- 
mile line (177 km) to Cloverdale Station at Roanoke, 
Virginia—had been proposed by AEP system plan- 
ners many years beforehand to meet utility indus- 


try reliability standards. Despite its need having 


been recognized by two state regulatory agencies 
and all their outside consultants, routing, and per- 
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mitting issues delayed approval of the line for many 
years, 

In its order approving the line and routing in May 
2001, the Virginia State Corporation Commission 
(SCC) acknowledged that AEP's filing had engen- 
dered a protracted and highly contested proceeding, 
and that the original and rerouted corridors had at- 
tracted substantial and understandable opposition. 
At the same time, the SCC acknowledged that the 
existing transmission system in southwest Virginia 
was seriously overloaded. The SCC accepted the 
hearing examiner's finding that 32 different system 
operating contingencies violated single- or double- 
contingency criteria, and provide clear and compel- 
ling evidence that the situation was critical. 

AEP's Virginia service area is transmission de- 
pendent. The last major transmission reinforcement 
for the area came in 1973 with the completion of 
the Jacksons Ferry-Cloverdale 765-kV line. The re- 
gion is a large importer of power from northerly 
AEP plants. And the gap between regional genera- 
tion and customer load and peak demands more 
than doubled between 1973 and 1996. 

In order to eliminate the gap and provide reliable 
transmission capability for future growth that meets 
industry standards, AEP proposed extending its 765- 
kV system from Wyoming Station in West Virginia 
to Virginia. By the time the new transmission line is 
in service in mid-2006, transmission planners esti- 
mate that the peak demands will be more than 18075 
greater than the 2512-W peak of 1973. Many com- 
puter models and contingency scenarios indicated 
the loss of major transmission facilities at peak load 
conditions could result in unscheduled outages and 
cascading blackouts. 


Key events in the history of AEP's Wyoming- 
Jacksons Ferry 765-kV transmission line 


March 1990 

AEP announces plans to build 130-mile (209-krn), 
765-kV transmission line from its Wyoming station 
near Oceana, West Virginia, to its Cloverdale Sta- 
tion near Roanoke, Virginia. The proposed line 
would be the first major reinforcement of the bulk 
transmission system in the area since the original 
system was completed in 1973. 


March 1991—February 1993 

Applications for permits and certificates filed with 
utilicy regulatory agencies in Virginia and West Vir- 
ginia and the U.S. Forest Service (USFS). 


December 1995 

Virginia State Corporation Commission (SCC) is- 
sues interim order citing compelling need for addi- 
tional electric capacity in the region and directs AEP 
to file additional information. 


June 1996 

USFS issues draft environmental impact statement 
denying AEP permission to cross federal lands. Far- 
lier, in May 1996, the U.S. Park Service recom- 
mended denial of AEP's proposed crossing of the 
New River because the area was under study as a 
federally protected scenic river. 


‘May 1998 
Public Service Commission (PSC) of West Virginia 
approves construction of Wyoming-Cloverdale line. 


September 1998 

SCC directs AEP to study and report on an alter- 
nate routing, from Wyoming to AEP's Jacksons 
Ferry Station. 


May 2001 
SCC approves construction of the 90-mile (145-km) 
VWyoming-Jacksons Ferry line. 


March 2002 
PSC amends its [998 order to approve new route. 


December 2002 

USFS issues environmental impact statement and 
recommends the line be allowed to cross federal 
lands. 


December 2003 

Right-of-way clearing begins, following right-of-way 
acquisition and design. 

April 2004 


Tower foundation construction begins, with first 
tower erected in August. 


October 2005 
Final tower completed. Electricity scheduled to flow 
by mid-2006. 


4. I 


FIGURE 4.1 


Typical ACSR 
conductor 
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TRANSMISSION LINE DESIGN CONSIDERATIONS 


An overhead transmission line consists of conductors, insulators, support 
structures, and, in most cases, shield wires. 


CONDUCTORS 


Aluminum has replaced copper as the most common conductor metal for 
overhead transmission. Although a larger aluminum cross-sectional’ area is 
required to obtain the same loss as in a copper conductor, aluminum has a 
lower cost and lighter weight. Also, the supply of-aluminum is abundant, 
whereas that of copper is limited. 

One of the most common conductor types is aluminum conductor, 
steel-reinforced (ACSR), which consists of layers of aluminum strands sur- 
rounding a central core of steel strands (Figure 4.1). Stranded conductors are 
easier to manufacture, since larger conductor sizes can be obtained by simply 
adding successive layers of strands. Stranded conductors are also easier to 
handle and more flexible than solid conductors, especially in larger sizes. The 
use of steel strands gives ACSR conductors a high strength-to-weight ratio. 
For purposes of heat dissipation, overbead transmission-line conductors are 
bare (no insulating cover). 

Other conductor types include the all-aluminum conductor (AAC), all- 
aluminum-alloy conductor (AAAC), aluminum conductor alloy-reinforced 
(ACAR), and aluminum-clad steel conductor (Alumoweld). Higher- 
temperature conductors capable of operation in excess of 150?C include the 
aluminum conductor steel supported (ACSS), which uses fully annealed alu- 
minum around a steel core, and the gap-type ZT-aluminum conductor 
(GTZACSR) which uses heat-resistant aluminum over a steel core with a 
small annular gap between the steel and first layer of aluminum strands. 
Emerging technologies use composite materials, including the aluminum 
conductor carbon reinforced (ACFR), whose core is a resinmatrix composite 
containing carbon fiber, and the aluminum conductor composite reinforced 
(ACCR), whose core is an aluminum-matrix containing aluminum fibers [10]. 


54/7 Cardinal 





Aluminum strands 
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FIGURE 4.2 


A 765-kV transmission 
line with self-supporting 
lattice steel towers 
(Courtesy of the 
American Electric 
Power Company) 


FIGURE 4.3 


A 345-kV double-circuit 
transmission line with 
self-supporting lattice 

steel towers (Courtesy of 

NST.AR. formeris 
Boston Ediscu 
Company) 








EHV hnes often have more than one conductor per phase: these con- 
ductors are called a bundle. The 765-kV line in Figure 4.2 has four con- 
ductors per phase, and the 345-kV double-circuit line in Figure 4.3 has two 
conductors per phase. Bundle conductors have a lower electric field strength 
at the conductor surfaces, thereby controlhng corona. They also have a 
smaller series reactance. 


INSULATORS 


Insulators for transmission lines above 69 kV are suspension-type insulators, 
which consist of a string of discs, typically porcelain. The standard disc (Fig- 
ure 4.4) has a l0-in. (0.254-m) diameter, 5i-in. (0.146-m) spacing between 
centers of adjacent discs, and a mechanical strength of 7500 kg. The 765-kV 
line in Figure 4.2 has two strings per phase jn a V-shaped arrangement, 


FIGURE 4.4 


Cut-away view of a 
standard insulator disc 
for suspension insulator 
strings (Courtesy of 
Ohio Brass) 


FIGURE 4.5 


Wood frame structure 
for a 345-kV line 
(Courtesy of NSTAR, 
formerly Boston Edison 
Company) 
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which helps to restrain conductor swings. The 345-kV line in Figure 4.5 has 
one vertical string per phase. The number of insulator discs in a string in- 
creases with line voltage (Table 4.1). Other types of discs include larger units 
with higher mechanical strength and fog insulators for use in contaminated 
areas. 


SUPPORT STRUCTURES 


Transmission lines employ a variety of support structures. Figure 4.2 shows a 
self-supporting, lattice steel tower typically used for 500- and 765-kV lines. 
Double-circuit 345-kV lines usually have self-supporting steel towers with the : 
phases arranged either in a triangular configuration to reduce tower height or in 
a vertical configuration to reduce tower width (Figure 4.3). Wood frame con- 
figurations are commonly used for voltages of 345 kV and below (Figure 4.5). 
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TABLE 4.1 


Typical transmission-line 
characteristics [1, 2] 








Nominal 
Voltage Phase Conductors 
Aluminum 
Cross-Section 
Area per 
Number of Conductor Bundle 
Conductors (ACSR) Spacing 
(kV) per Bundle (kcmil) (cm) 
69 l — — 
138 ] 300-700 — 
230 l 400-1000 = 
345 l 2000-2500 — 
345 2 800-2200 45.7 
500 2 2000-2500 45.7 
500 3 900-1500 45.7 
765 4 900-1300 45.7 
Nominal 
Voltage Suspension Insulator String 
Number of 
Standard 
Insulator 
Number of Discs per 
Strings per Suspension 
(kV) Phase String Type 
69 1 4 to 6 Steel 
138 I 8 to 11 Steel 
230 l 12 to 21 Steel or ACSR 
345 ] 18 to 21 Alumoweld 
345 ] and 2 18 to 21 Alumoweld 
500 2 and 4 24 to 27 Alumoweld 
500 2 and 4 24 to 27 Alumoweld 
765. 2 and 4 30 to 35 Alumoweld 


SHIELD WIRES 


Minimum Clearances 


Phase-to- 


Phase 
(m) 


4 to 5 
6 to 9 
6 to 9 
6 to 9 
9 to ll 
9 to 11 
13.7 


Shield Wires 


Number 


0,10r2 

0,1 or 2 

lor? 
2 


ww hw 


Phase-to- 


Ground 


(m) 


— 
— 


7.6 to it 

7.6 to 11 
9 to 14 
9 to 14 
122 


Diameter 


(cm) 


— 


l.l to 1.5 
0.87 to 1.5 


'0.87 to 1.5 


0.98 to 1.5 
0.98 to 1.5 
0.98 


Shield wires located above the phase conductors protect the phase conductors 
against lightning. They are usually high- or extra-high-strength steel, Alumo- 
weld, or ACSR with much smaller cross section than the phase conductors. 
The number and location of the shield wires are selected so that almost all 
lightning strokes terminate on the shield wires rather than on the phase con- 
ductors. Figures 4.2, 4.3, and 4.5 have two shield wires. Shield wires are 
grounded to the tower. As such, when lightning strikes a shield wire, it flows 
harmlessly to ground, provided the tower impedance and tower footing resis- 
tance are small. 
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The decision to build new transmission is based on power-system plan- 
ning studies to meet future system requirements of load growth and new gen- 
eration. The points of interconnection of each new line to the system, as well 
as the power and voltage ratings of each. are selected based on these studies. 
Thereafter. transmission-line design is based on optimization of electrical, 
mechanical, environmental, and economic factors. 


ELECTRICAL FACTORS 


Electrical design dictates the type. size. and number of bundle conductors per 
phase. Phase conductors are selected to have sufficient thermal capacity to 
meet continuous, emergency overload. and short-circuit current ratings. For 
EHV lines. the number of bundle conductors per phase is selected to control 
the voltage gradient at conductor surfaces, therebv reducing or eliminating 
corona. 

Electrical design also dictates the number of insulator discs, vertical or 
V-shaped string arrangement, phase-to-phase clearance, and phase-to-tower 
clearance, all selected to provide adequate hne insulation. Line insulation 
must withstand transient overvoltages due to lightning and switching surges, 
even when insulators are contaminated by fog, salt, or industrial pollution. 
Reduced clearances due to conductor swings during winds must also be ac- 
counted for. 

The number, type. and location of shield wires are selected to intercept 
lightning strokes that would otherwise hit the phase conductors. Also. tower 
footing resistance can be redüced by using driven ground rods or a buried 
conductor (called counterpoise) running parallel to the line. Line height 1s se- 
lected to satisfy prescribed conductor-to-ground clearances and to control 
ground-level electric field and its potential shock hazard. 

Conductor spacings. types, and sizes also determine the series impedance 
and shunt admittance. Series impedance affects line-voltage drops, I^R losses, 
and stability limits (Chapters 5, 13). Shunt admittance, primarily capacitive, 
affects line-charging currents, which inject reactive power into the power sys- 
tem. Shunt reactors (inductors) are often installed on lightly loaded EHV 
lines to absorb part of this reactive power, thereby reducing overvoltages. 


MECHANICAL FACTORS 


Mechanical design focuses on the strength of the conductors. insulator 
strings, and support structures. Conductors must be strong enough to support 
a specified thickness of ice and a specified wind in addition to their own 
weight: Suspension insulator strmgs must be strong enough to support the 
phase conductors with ice and wind loadings from tower to tower (span 
length). Towers that satisfy minimum strength requirements, called suspen- 
sion towers; are designed to support the phase conductors and shield wires 
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with ice and wind loadings, and, in some cases, the unbalanced pull due to 
breakage of one or two conductors. Dead-end towers located every mile or so 
satisfy the maximum strength requirement of breakage of all conductors on 
one side of the tower. Angles in the line employ angle towers with intermedi- 
ate strength. Conductor vibrations, which can cause conductor fatigue failure 
and damage to towers, are also of concern. Vibrations are controlled by ad- 
justment of conductor tensions, use of vibration dampers, and—for bundle 
conductors—large bundle spacing and frequent use of bundle spacers. 


ENVIRONMENTAL FACTORS 


Environmental factors include land usage and visual impact. When a line route 
is selected, the effect on local communities and population centers, land values, 
access to property, wildlife, and use of public parks and facilities must all be 
considered. Reduction in visual impact is obtained by aesthetic tower design 
and by blending the line with the countryside. Also, the biological effects of 
prolonged exposure to electric and magnetic fields near transmussion lines is 
of concern. Extensive research has been and continues to be done in this area. 


ECONOMIC FACTORS 


The optimum line design meets all the technical design criteria at lowest 
overall cost, which includes the total installed cost of the line as well as the cost 
of line losses over the operating life of the line. Many design factors affect cost. 
Utilities and consulting organizations use digital computer programs com- 
bined with specialized knowledge and physical experience to achieve optimum 
line design. 


RESISTANCE 


The dc resistance of a conductor at a specified temperature T is 
pr! 
RaeT=— Q 4.2.1 


where py = conductor resistivity at temperature T 
/ = conductor length 
A = conductor cross-sectional area 


Two sets of units commonly used for calculating resistance, SI and En- 
glish units, are summarized in Table 4.2. In English units, conductor cross- 
sectional area is expressed in circular mils (cmil). One inch equals 1000 mils 
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TABLE 4.2 Quantity Symbol 'S| Units English Units 


Comparison of SI and Resistivity p Om Q-cmil/ft 
English units for Length / m [t 
calculating conductor Cross-sectional area A m? cmil 
resistance pl 
dc resistance Ra = y Q Q 


and | cmil equals 2/4 sq mil. A circle with diameter D in., or (D in.) (1000 
mil/in.) = 1000 D mil = d mil, has an area 


js , mil z > n 
A=- D? in? | [ 1000 — ) =- Cog i 
E D: in X 0 =) z (1000 D) 44 sq mil 
or 
(T. . 1 emil o w a 
A= (Fa sq mil E i) — d^ cmil (4.2.2) 


Resistivity depends on the conductor metal. Ánnealed copper is the 
international standard for measuring resistivity p (or conductivity c, where 
c =1/p). Resistivity of conductor metals is listed in Table 4.3. As shown, 
hard-drawn aluminum, which has 61% of the conductivity of the international 
standard, has a resistivity at 20°C of 17.00 Q-cmil/ft or 2.83 x 10 * Om. 

Conductor resistance depends on the following factors: 


]. Spiraling 

2. Temperature 

3. Frequency (“skin effect") 

4. Current magnitude—magnetic conductors 


These are described in the following paragraphs. 





TABLE 4.3 Puc I 
% Conductivity, Resistivity at 20°C Temperature Constant 
resistivity, and a o 
temperature constant of Material % Conductivity — Qm x 1078  Q-cmil/ft C 
conductor metals 
Copper: 
Annealed 100% E 10.37 234.5 
Hard-drawn 97.3% 1:77 10.66 241.5 
Aluminum 
Hard-drawn 619^ 2.83 17.00 228.1 
Brass 20—27% 6.4-8.4 38-51 480 
Iron 17.2% 10 60 180 
Silver 108% 1.59 9.6 243 
Sodium 40% 4.3 26 207 


Steel 2-14% 12-88 72-530 180-980 
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EXAMPLE 4.! 


For stranded conductors, alternate layers of strands are spiraled in op- 
posite directions to hold the strands together. Spiraling makes the strands | 
or 2% longer than the actual conductor length. As a result, the dc resistance 
of a stranded conductor is 1 or 2% larger than that calculated from (4. 2. 1) for 
a specified conductor length. 

Resistivity of conductor metals varies linearly over normal operating 
temperatures according to 


T^ - T 
io jie TET 


where p44 and py, are resistivities at temperatures T» and T, °C, respectively. 
T 1s a temperature constant that depends on the conductor material, and ts 
listed m Table 4.3. 

The ac resistance or effective resistance of a conductor is 


Pias 
z” 


where Pioss 1s the conductor real power loss in watts and / is the rms conduc- 
tor current. For dc, the current distribution is uniform throughout the conduc- 
tor cross section, and (4.2.1) is valid. However, for ac, the current distribution 
is nonuniform. As frequency increases, the current in a solid cylindrical con- 
ductor tends to crowd toward the conductor surface, with smaller current 
density at the conductor center. This phenomenon is called skm effect. A 
conductor with a large radius can even have an oscillatory current density 
versus the radial distance from the conductor center. 

With increasing frequency, conductor loss increases, which, from 
(4.2.4), causes the ac resistance to increase, At power frequencies (60 Hz), the 
ac resistance is at most a few percent higher than the dc resistance. Conduc- 
tor manufacturers normally provide dc, 50-Hz, and 60-Hz conductor resis- 
tance based on test data (see Appendix Tables A.3 and A.4). 

For magnetic conductors, such as steel conductors used for shield wires, 
resistance depends on current magnitude. The internal flux linkages, and 
therefore the iron or magnetic losses, depend on the current magnitude. For 
ACSR conductors. the steel core has a relatively high resistivity compared to 
the aluminum strands, and therefore the effect of current magnitude on 
ACSR conductor resistance 1s small. Tables on magnetic conductors list. re- 
sistance at two current levels (see Table A.4). l 


(4.2.3) 





(4.2.4) 


ie == 


Stranded conductor: dc and ac resistance 


Table A.3 lists a 4/0 copper conductor with 12 strands. Strand diameter is 
0.1328 in. For this conductor: 
a. Verify the total copper cross-sectional area of 211,600 cmil. 


b. Verify the dc resistance at 50°C of 0.302 Q/mi. Assume a 2% in- 
crease In resistance due to spiraling. 
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c. From Table A.3, determine the percent increase in resistance at 
60 Hz versus dc. 


SOLUTION 


a. The strand diameter 1s d — (0.1328 in.) (1000 mil/in.) — 132.8 mil, and, 
from (4.2.2), the strand area is d? cmil. Using four significant figures, the 
cross-sectional area of the 12-strand conductor is 


A = 12d? = 12(132.8)* = 211,600  cmil 
which agrees with the value given in Table A.3. 
b. Using (4.2.3) and hard-drawn copper data from Table 4.3, 


50 + 241.5 
Pso«c = 10.66 CRUS 


From (4.2.1), the dc resistance at 50°C for a conductor length of 1 mile 
(5280 ft) is 


) = 11.88 Q-cmil/ft 


E .. (11.88)(5280 x 1.02) 
de. 50°C — ~ 211,000 


which agrees with the value listed in Table A.3. 


c. From Table A.3, 
Reo uesoc _ 9.303 _ yg, Roo na asec 0278 1007 


Rac sore — 0.302 Racrec  — 0.276 


Thus, the 60-Hz resistance of this conductor is about 0.3-0.7% higher than 
the dc resistance. The variation of these two ratios is due to the fact that 
resistance in Table A.3 is given to only three significant figures. B 


= 0.302 Q/mi 





CONDUCTANCE 


Conductance accounts for real power loss between conductors or between 
conductors and ground. For overhead lines, this power loss is due to leakage 
currents at insulators and to corona. Insulator leakage current depends on 
the amount of dirt, salt, and other contaminants that have accumulated on 
insulators, as well as on meteorological factors, particularly the presence of 
moisture. Corona occurs when a high value of electric field strength at a con- 
ductor surface causes the air to become electrically ionized and to conduct. 
The real power loss due to corona, called corona loss, depends on meteoro- 
logical conditions, particularly rain, and on conductor surface irregularities. 
Losses due to insulator leakage and corona are usually small compared to 
conductor I'R loss. Conductance is usually neglected in power system studies 
‘because it is a very small component of the shunt admittance. 
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FIGURE 4.6 


Internal magnetic field 
of a solid cylindrica] 
conductor 


INDUCTANCE: SOLID CYLINDRICAL CONDUCTOR 


The inductance of a magnetic circuit that has a constant permeability u can 
be obtained by determining the following: 


1. Magnetic field intensity H, from Ampere’s law 

2. Magnetic flux density B (B = uH) 

3. Flux linkages A 

4. Inductance from flux linkages per ampere (L = 2/7) 


As a step toward computing the inductances of more general conduc- 
tors and conductor configurations, we first compute the internal, external, 
and total inductance of a solid cylindrical conductor. We also compute the 
flux linking one conductor in an array of current-carrying conductors. 

Figure 4.6 shows a l-meter section of a solid cylindrical conductor 
with radius r, carrying current 7. For simplicity, assume that the conductor 
(1) 1s sufficiently long that end effects are neglected, (2) is nonmagnetic 
(u = My = 4n x 1077 H/m), and (3) has a uniform current density (skin effect 
is neglected). From (3.1.1), Ampere's law states that 


Has di = T. nclosed (4.4.1) 


To determine the magnetic field inside the conductor, select the dashed 
circle of radius x « r shown in Figure 4.6 as the closed contour for Ampere's 
law. Dué to symmetry, A. is constant along the contour. Also, there is no 
radial component of H,, so Hx is tangent to the contour. That is, the con- 
ductor has a concentric magnetic field. From (4.4. D) the integral of Hx 
around the selected contour is 


H,(2nx) =I,  forx<r ] (4.4.2) 
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where 7, is the portion of the total current enclosed by the contour. Solving 
(4.4.2) 


Iy 
c A/m | (44.3) 
Now assume a uniform current distribution within the conductor, that is 
EV 
I = 9 I forx<r (4.4.4) 
Using (4.4.4) in (4.4.3) 
xI 
H.——— A 4.5 
=p A/m (4.4.5) 


For a nonmagnetic conductor, the magnetic flux density B, is 
Lgxl 
2nr? 
The differentia] flux 24D per-unit length of conductor in the cross-hatched 
rectangle of width dx shown in Figure 4.6 1s 

dd = B,dx Wb/m (4.4.7) 


Computation of the differential flux linkage d4 in the rectangle is tricky 
since only the fraction (x/r)^ of the total current / is linked by the flux. That 
IS, | 


B, = Hy = Wb/m? (4.4.6) 


2 
x Hol 3 
= |>= = —— x’ dx - 4.4. 
dà 9 dX 34 dx  Wb-t/m (4.4.8) 
Integrating (4.4.8) from x = 0 to x =r determines the total flux linkages Ain: 
inside the conductor 
Aint = dA = Ax dx = Hol _ 1 x 1077 Wb-t/m (44.9) 

in 0 2nr4 0 87 2 . 
The internal inductance Lim per-unit length of conductor due to this flux 
linkage is then 

Rint — Ho — l —7 


Next, in order to determine the magnetic field outside the conductor, 
select the dashed circle of radius x > r shown in Figure 4.7 as the closed con- 
tour for Ampere’s law. Noting that this contour encloses the entire current /, 
integration of (4.4.1) yields 


H,(2nx) =I (4.4.11) 


which gives 


I 
= ——— Y A. 
H, nx A/m Xr (4.4.12) 
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FIGURE 4.7 


External magnetic field 
of a solid cylindrical 
conductor 





Outside the conductor, u = 4 and 


B, = uy = (4n x 1077) — —2x 97^ Wb/m^? (4.4.13) 

db = B, dx —2x 07- dx Wb/m (4.4.14) 
Since the entire current / is linked by the flux outside the conductor, 

di = d$ =2 x 07- dx Wb-t/m (4.4.15) 

Integrating (4.4.15) between two external points at distances Dı and D; 


from the conductor center gives the external flux lmkage 415 between D, and 
D»: 


D —— D: 
Ay = | dì=2x ior | dx 
Di p, * 
— D» 
—2xIO0 'IIn D. Wb-t/m (4.4.16) 
| 


The external inductance Liz per-unit length due to the flux linkages between 
D, and D> is then 


Li» = n —2x 107 In Ds H/m (4.4.17) 
I AD; 

The total flux Ap linking the conductor out to external point P at distance D 

is the sum of the internal flux linkage, (4.4.9), and the external flux linkage, 

(4.4.16) from D; =r to D; = D. That ts 


l 


;* 1071 42 x 10777 In - (4.4.18) 


Àp — 
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Using the identity 1 = 2 In e!/* in (4.4.18), a more convenient expres- . 
sion for Ap 1s obtained: 


Àp22x1077 (n e^ + In 2) 
r 





_ -7 
—2x]l0'Iln T 
g,, D 
=2x107’T In 7 Wb-t/m (4.4.19) 
where 
r= er = 0.77884 (4.4.20) 


Also, the total inductance Lp due to both internal and external flux linkages 
out to distance D is 


A D | 
Lp = T =2x 1077 In (5) H/m (4.4.21) 

Finally, consider the array of M solid cylindrical conductors shown in 
Figure 4.8. Assume that each conductor m carries current J,, referenced out 
of the page. Also assume that the sum of the conductor currents is zero— 
that 1s, 


M 
h+h+---+Iy= 5 -1,=0 (4.4.22) 
m=!) 


The flux linkage Agp, which links conductor k out to point P due to current 
Ii, is, from (4.4.19), 


D 
AkPk = 2 X 10777, In P (4.4.23) 
k 


FIGURE 4.8 ,, 


Array of M solid 
cylindrical conductors 
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Note that 4;p, includes both internal and external flux linkages due to 7,. The 
flux linkage 4;p,, which links conductor k out to P due to 7,, 1s, from 
(4.4.16), 


Agpm = 2 x 1077 1, In (4.4.24) 

In (4.4.24) we use Dy, instead of (Dy, — rk) or (Din + ri), which is a 
valid approximation when D4» is much greater than rg. It can also be shown 
that this is a good approximation even when Dy, is small. Using super- 
position, the total flux linkage A;p, which links conductor k out to P due to 
all the currents, 1s 


App = Akp| + Agpo occ + Apa 


=2 x 107 P ina 


p= 


Dp, 


4.4. 
Di, 2) 


where we define Dj = r} = e7" rg when m = k in the above summation. 
Equation (4.4.25) 1s separated into two summations: 


M M. 
9 l 5 
ARP — 2 X 107? I In De i 2 X, 1077 1, In Dp, (4.4.26) 


km m=] 


n=l] 


Removing the last term from the second summation we get: 


M-I 
ALP —2x 107” b3 Ls n5 + pD Ln In Dp, T Iu In Dev! (4.4.27) 


nma) km m=] 


From (4.4.22), 


Using (4.4.28) in (4.4.27) 


M-) 
=2x 107 aps I, In Pe + P In In Dp,— X. In In z 


m=) n=l m=] 


M-]1 
- 2x 107 pure Im In + » In In Die 


mal m= 


(4.4.29) 





Now, let 4% equal the total flux linking conductor k out to infinity. That 
iS, Ax = lim App. As P — œ, all the distances Dp,, become equal, the ratios 
px 


Dp,,/Dpy become unity, and In(Dp,,/Dpay) — 0. Therefore, the second sum- 
mation in (4.4.29) becomes zero as P — oo, and 


Ay —2x107 > I, ln — — Wb-t/m (4.4.30) 


m-2l 


5 
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Equation (4.4.30) gives the total flux linking conductor k in an array of M 
conductors carrying currents /4,D5,..., Im, whose sum is zero. This equation 
is valid for either dc or ac currents. A, is a dc flux linkage when the currents 
are dc, and A, 1s a phasor flux linkage when the currents are phasor repre- 
sentations of sinusoids. 


4.5 


INDUCTANCE: SINGLE-PHASE TWO-WIRE LINE 
AND THREE-PHASE THREE-WIRE LINE 
WITH EQUAL PHASE SPACING 


The results of the previous section are used here to determine the inductances 
of two relatively simple transmission lines: a single-phase two-wire line and a 
three-phase three-wire line with equal phase spacing. 

Figure 4.9(a) shows a single-phase two-wire line consisting of two solid 
cylindrical conductors x and y. Conductor x with radius r, carries phasor 
current J, = J referenced out of the page. Conductor y with radius r, carries 
return current J, = —J. Since the sum of the two currents ts zero, (4.4.30) is 
valid, from which the total flux linking conductor x is 


l 
E) 


: ] l 
; =2x10 ihe 





i = 2x 107 (1 


—2 x 10777 In = Wb-t/m | (4.5.1) 
r’ 
X 


where r^ = e7'/4r, = 0.7788rx. 
The inductance of conductor x is then 


D 
L= I^ - —2x 107’ In zi H/m per conductor (4.5.2) 
x x 


______s«*FIGURE 4.9 4.9 
Single-phase uns i 
" : 


(a) Geometry (b) Inductances 
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Similarly, the total flux linking conductor y is 


| 
A, 2 2x 1077 (z In —-+ J, In 5) 


D Dy 
l 
2x en (rni crm 5) 
D ry! 
y 
D 
= —2 x 1077 In = (4.5.3) 
ri 
y 
and 
À A, 
L, = ra = a =2 x 1077 In 2 H/m per conductor (4.5.4) 
y XY v 
The total inductance of the single-phase circuit, also called Joop induc- 
tance, is | 


(i. D D 
L=L,+L,=2x 1077 [s — +.1n 3 
27 r r 








x y 
2 
2x10" fu z 
r'r 
ay 

4 D pe 
=4x10°' In H/m per circuit (4.5.5) 
3 I 


Also, if r} = r, = r', the total circuit inductance is 
D "— 
L =4x 107” In z H/m per circuit (4.5.6) 


The inductances of the single-phase two-wire line are shown in Figure 4.9(b). 
Figure 4.10(a) shows a three-phase three-wire line consisting of three 
solid cylindrical conductors a, b, c, each with radius r, and with equal phase 
spacing D between any two conductors. To determine inductance, assume 
balanced positive-sequence currents Ia, J», Ie that satisfy Ia +4, + l =0. 
Then (4.4.30) is valid and the total flux linking the phase a conductor is 


FIGURE 4.10 C 
Three-phase three-wire 
line with equal phase 
spacing D D ^— La 
o— Vn 
( X O 
3 b l neutral 


(a) Geometry (b) Phase inductance 


4.6 
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l 1 ji 
“a = x I, EF =g | TX 
24:582 X. 10 In +h in 5+ 1.In 5) 


| 

ay 

=2x 10 L In 5+ (Ip + 1) In 5 (4.5.7) 
Using (I, + 1L) = —£, 


: 1 l 
A, =2~x 10 "(n In - I, In 5) 


=2 x 104 In 2 Wb-t/m (4.5.8) 
The inductance of phase a is then 


ha D 
lg = 7 =2x 107” In =; H/m per phase (4.5.9) 

Due to symmetry, the same result is obtained for Ly = A,/J, and for 
Le = 4,/1.. However, only one phase need be’ considered for balanced three- 
phase operation of this line, since the flux linkages of each phase have equal 
magnitudes and 120° displacement. The phase inductance is shown in Figure 
4.10(b). 


INDUCTANCE: COMPOSITE CONDUCTORS, 
UNEQUAL PHASE SPACING, BUNDLED . 
CONDUCTORS 


The results of Section 4.5 are extended here to include composite conductors, 
which consist of two or more solid cylindrical subconductors in parallel. À 
stranded conductor 1s one example of a composite conductor. For simplicity 
we assume that for each conductor, the subconductors are identical and share 
the conductor current equally. 

Figure 4.11 shows a single-phase two-conductor line consisting of two: 
composite conductors x and y. Conductor x has N identical subconductors, 
each with radius r, and with current (Z/N) referenced out of the page. Simi- 
larly, conductor y consists of M identical subconductors, each with radius ry 
and with return current (—7/ M). Since the sum of all the currents ts zero, 
(4.4.30) is valid and the total flux ®, linking subconductor k of conductor x 
IS | l 

I& 43. IDA. 1 
zi 
d, —2 x 10 Tai Do ~ D (4.6.1) 


Since only the fraction (1/N) of the total conductor current J is linked 
by this flux, the flux linkage A, of (the current in) subconductor K is 
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FIGURE 4.!1 M 
Single-phase two- ur (35 
conductor line with D i 
composite conductors O 
3 





| ———————V Ca 
Conductor x Conductor y 
D, E i pa ] 
Ak = — = 2 x 10 I|— In —— — — In — 4.6.2 


The total flux linkage of conductor x is 


N: = LET: l Dx ! 
x R P» NP uu." 5. 
(4.6.3) 


Using In A* 2 ain A and Soin Ay 2In [[A; (sum of Ins- In of 
products), (4.6.3) can be rewntten in the following form: 


A, 22x 1077 In Dp — (4.6.4) 
k=l 
Dis ) 
m=) 
Ax 
and the inductance of conductor x, Ly = T: can be written as 
S7 D, 
L, =2x 10 In —^ H/m per conductor (4.6.5) 


xx 


where 


MN 
Dy = I] " Dg; (4.6.6) 


TI Dix t AC (4.6.7) 


m= 


l= 


N? 
D = 
k 


I 
má 
mt 


EXAMPLE 4.2 


FIGURE 4.12 


Single-phase 
two-conductor 
line for Example 4.2 
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Dy, given by (4.6.6), is the MNth root of the product of the MN distances 
from the subconductors of conductor x to the subconductors of conductor y. 
Associated with each subconductor k of conductor x are the M distances 
Dy’, Dji,',..., Duy to the subconductors of conductor y. For N subcon- 
ductors in conductor x, there are therefore MN of these distances. D., .1s 
called the geometric mean distance or GMD between conductors x and y. 

Also, D,x; given by (4.6.7), is the N? root of the product of the N? 
distances between the subconductors of conductor x. Associated with each 
subconductor k are the N distances Dj,D,5,..., Dig = r',..., Dey. For 
N subconductors in conductor x, there are therefore N? of these distances. 
D. 1s called the geometric mean radius or GMR of conductor x. 

Similarly, for conductor y, 


D» 
Dyy 


L, 2-107" In H/m per conductor (4.6.8) 


where 


(4.6.9) 





D,,, the GMR of conductor y, is the M? root of the product of the M? dis- 
tances between the subconductors of conductor y. The total inductance L of 
the single-phase circuit is 


L=L,+L, H/m per circuit (4.6.10) 


GMR, GMD, and inductance: single-phase two-conductor line 


Expand (4.6.6), (4.6.7), and (4.6.9) for N = 3 and M = 2’. Then evaluate Lx, 
L,, and L in H/m for the single-phase two-conductor line shown in Figure 
4.12. 





0.5 m 1.5 m 2m Q.3 m 
PE EE. pag 
ore 3 COD 
E. ies rn, = 0.03 m r, rn, = 004m 
——— | E 


Conductor x l Conductor y 
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SOLUTION For N = 3 and M = 2’, (4.6.6) becomes 


6| 3 2 
Dy mS ĮI lI Di, 


k=) m=!’ 


$ oN 


ll 
a 


Dr Dr 


E 
li 


i 
= (Div Dir )(D2 D27)(D3r D32) 


Similarly, (4.6.7) becomes 


3 
= al DiiDioDia 


— (Di; Di Di3) (Doi D3D23) (D3) DD) 
and (4.6.9) becomes 
4| 2» v 


Dyy = ll I] Din 


k=l! m=]? 


= V(DipDyiz)(D»rDo»») 


Evaluating Dx, D«., and Dy, for the single-phase two-conductor line shown 


in Figure 4.12, 
Diy =4m Di» —43m D2) —3.5m 
Do: =3.8m Da, zm 1 Da c3 
D, = 4/(4)(4.3)(3.5)(3.8)(2) 2.3) = 3.189 m 


Dij = Dy = Dy =r! = e Vr, = (0.7788)(0.03) = 0.02336 m 


D^ = Di —05m 
D-3 = D; alom 
Di = Di3 = 2.0 m 


EXAMPLE 4.3 
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D. = 1/ (0.02336)? (0.5)? (1.5)?(2.0)? = 0:3128 m 
Dii = Dos =r, = e ^r, = (0.7788)(0.04) = 0.03115 m 
Di I Dy = 0.3 m 


Dyy = 4/(0.03115)7(0.3)? = 0.09667 m 


Then, from (4.6.5), (4.6.8), and (4.6.10): 


189 
Le =2x 1077 In (Se) = 4.644 x 1077 H/m per conductor 


4 


3.189 
0.09667 


L = L; +L, = 1.164. x 1076 .. H/m,per circuit [1 


nica ad LU »( } = 6.992 x 1077 H/m per conductor 


It 1s seldom necessary to calculate GMR or GMD for standard lines. 
The GMR of standard conductors 1s provided by conductor manufacturers 
and can be found in various handbooks (see Appendix Tablés A.3 and A.4). 
Also, if the distances between conductors are large compared to the distances 
between subconductors of each conductor, then the GMD between con- 
ductors is approximately equal to the distance between conductor centers. 


Inductance and inductive reactance: single-phase line 


A single-phase line operating at 60 Hz consists of two 4/0 12-strand copper 
conductors with 5 ft spacing between conductor centers. The line length is 20 
miles. Determine the total inductance in H and the total inductive reactance 
in Q. ; 


SOLUTION The GMD between conductor centers is D,, = 5 ft. Also, from 
Table A.3, the GMR of a 4/0 12-strand copper conductor is Dy, = Dy, = 
0.01750 ft. From (4.6.5) and (4.6.8), 


H m 


= 0.03639 H per conductor 


Lob X i07^( 


The total mductance 1s 
L = L; + L, = 2 x 0.03639 = 0.07279 - H per circuit 
and the total inductive reactance is 


Xi = 2af L = (27)(60)(0.07279) = 27.44 Q per circuit i 
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FIGURE 4.13 


Completely transposed 
three-phase line 


I, 
Dj? Position 1 A 
Da, Position 2 | 
Dz, Position 3 : 
£ l 4 
137397 37 
/ 


To calculate inductance for three-phase lines with stranded conductors 
and equal phase spacing, r’ is replaced by the conductor GMR in (4.5.9). If 
the spacings between phases are unequal, then balanced positive-sequence 
flux linkages are not obtained from balanced positive-sequence currents. Jn- 
stead, unbalanced flux linkages occur, and the phase inductances are unequal. 
However, balance can be restored by exchanging the conductor positions 
along the line, a technique called transposition. 

Figure 4.13 shows a completely transposed three-phase line. The line 
is transposed at two locations such that each phase occupies each position 
for one-third of the line length. Conductor positions are denoted 1, 2, 3 with 
distances Di2, D3, D3; between positions. The conductors are identical, 
each with GMR denoted Ds. To calculate inductance of this line, assume bal- 
anced positive-sequence currents 7;, 75, Ie, for which J, + Jp + I; = 0. Again, 
(4.4.30) is valid, and the total flux linking the phase a conductor while it is in 
position 1 is 

A =2x1077[ TERT ng thin | Wb-t/m (4.6.11) 

al | ü Ds | b Di c Di Se 
Similarly, the total flux linkage of this conductor while it is in positions 2 and 
3 is 


| 1 | 1 
Ago =2 x 1077 |L in — + 4, in — + L ln —| Wb-t 4.6.12 
a x fo in 5+ Jy n+ "5. /m (4.6.12) 
ìa — 2 x 1077 (1 niu mor [o Wb-t/m (4.6.13) 
2) EaD mpa tee UD d 


The average of the above flux linkages is 


j ] l 
à, = ie: s) mM (s) did (5) _ Àal + Ag? + Aq’ 
ea MGE LEE a 


3 
| 2x1077 


3 (4.6.14) 





I l I 
37, In — + Z, la Z————— + f. lin ——- 
| Ds " DgDaDa Dj;D53D3 
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Using (4) + I) = —1I, in (4.6.14), 


2x 1077 1 l 
Aa = —— |3 In — — Ld — 
i 3 is Ds ^" n EROR 
3 
ug ps YO Wb-t/m (4.6.15) 
S 


and the average inductance of phase a is 


; 3 
ha _7,. VDy2DxD3 
=—=2x 10 oS ———— 
Jin s x In D; 
The same result is obtained for L, = 44/1, and for L. = 7,/7.. How- 
ever, only one phase need be considered for balanced three-phase operation 
of a completely transposed three-phase line. Defining 


Deg = VDi2D23Da1 | (4.6.17) 


— 


we have "ecd ( ad 
Deg a 7] Me Jd 

H m .—— N > E a q^ 4.6.18 E A 
pu sees GM Z gu? dina ( ^» \ 
Deg, the.cube root of the product of the three-phase spacings, is the geometric 
mean distance between phases. Also, Ds is the conductor GMR for stranded 
conductors, or r' for solid cylindrical conductors. 


H/m per phase (4.6.16) 


f 
J 
C 


L,—2x 1077 In 





EXAMPLE 4.4 Inductance and inductive reactance: three-phase line 


A completely transposed 60-Hz three-phase line has flat horizontal phase 
spacing with 10 m between adjacent conductors. The conductors are 
1,590,000 cmil ACSR with 54/3 stranding. Line length is 200 km. Determine 
the inductance in H and the inductive reactance in Q. 


SOLUTION From Table A.4, the GMR of a 1,590,000 cmil 54/3 ACSR 
conductor is 


lm 
3.28 ft 


Also, from (4.6.17) and (4.6.18), 


Dea = v/(10)(10)(20) = 12.6 m 


12.6 )z 1000 m 


— 0.0159 m 





Ds = 0.0520 ft 








Minin mo 


La: =2x 107? in( 
= 0.267 H 


The inductive reactance of phase a is 
X, = 2af La = 22(60)(0.267) = 101 Q = 
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FIGURE 4.14 


Bundle conductor 
configurations 


EXAMPLE 4.5 


d 
(2—O0 d d 


It is common practice for EHV lines to use more than one conductor 
per phase, a practice called bundling. Bundling reduces the electric field 
strength at the conductor surfaces, which in turn reduces or eliminates corona 
and its results: undesirable power loss, communications interference, and 


- audible noise. Bundling also reduces the series reactance of the line by in- 


creasing the GMR of the bundle. 

Figure 4.14 shows common EHV bundles consisting of two, three, or 
four conductors. The three-conductor bundle has its conductors on the ver- 
tices of an equilateral triangle, and the four-conductor bundle has its con- 
ductors on the corners of a square. To calculate inductance, Ds in (4.6.18) is 
replaced by the GMR of the bundle. Since the bundle constitutes a composite 
conductor, calculation of bundle GMR is, in general, given by (4.6.7). If 
the conductors are stranded and the bundle spacing d is large compared to 
the conductor outside radius, each stranded conductor is first replaced by an 
équivalent solid cylindrical conductor with GMR = Ds. Then the bundle is 
replaced: by one equivalent conductor with GMR = Dsi, given by (4.6.7) 
with n = 2, 3, or 4 as follows: 

" Two-conductor bundle: 


Ds. = V/ (Ds x d)? = Ds ! (4.6.19) 


Three-conductor bundle: 


"Dal = 4 (Ds x.d x dy = Y Dad? (4.6.20) 


Four-conductor bundle: 


Da. = (Ds x dx dx dV2)* = 1.091 J/Dgd? (4.6.21) 


The inductance 1s then 
D 
=2x 10" In 1 H/m (4.6.22) 
Ds} 


If the phase spacings are large compared to the bundle spacing, then 
sufficient accuracy for Deg 1s obtained by using the distances between bundle 
centers. . 


Inductive reactance: three-phase line with bundled conductors 


Each of the 1,590,000 cmil conductors in Example 4.4 is replaced by two 
795,000 cmil ACSR 26/2 conductors, as shown in Figure 4.15. Bundle spac- 
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FIGURE 4.15 


Three-phase bundled 
‘conductor line for 


Example 4.5 


4.7 


| 0.4 m AT 26/2 ACSR 
a» $2 e & V qq» 
a a' b b. 2 7 
[«— — — —10 m+ | ——10 m — — ——4 





ing is 0.40 m. Flat horizontal spacing is retained, with 10 m between adjacent 
bundle centers. Calculate the inductive reactance of the line and compare it 
with that of Example 4.4. | 


SOLUTION From Table A.4, the GMR of a 795,000 cmil 26/2 ACSR con- 
ductor is 

| m 
3.28 ft 


From (4.6.19), the two-conductor bundle GMR is 


Ds, = /(0.0114)(0.40) = 0.0676 m 


Since Deg = 12.6 m is the same as in Example 4.4, 


12.6 
0.0676 


Xa = 2af L; = (2x)(60)(0.209) = 78.8 Q 


The reactance of the bundled line, 78.8 Q, is 22% less than that of Example 
4.4, even though the two-conductor bundle has the same amount of conduc- 
tor material (that is, the same cmil per phase). One advantage of reduced 
series line reactance is smaller line-voltage drops. Also, the loadability of 
medium and long EHV lines is increased (see Chapter 5). a. 


= 0.0114 m 





Ds = 0.0375 ft x 





L, —2 x 1077 »( ) (1000) (200 —0209 H 


SERIES IMPEDANCES: THREE-PHASE LINE WIT 
NEUTRAL CONDUCTORS AND EARTH RETURN 





In this section, we develop equations suitable'for computer calculation of 
the series impedances, including resistances and inductive reactances, for the 
three-phase overhead line shown in Figure 4.16. This lime fms three phase 
conductors a, b, and c, where bundled conductors, 1f any, have already been 
replaced by equivalent conductors, as described in Section 4.6. The line also 
has N neutral conductors denoted n1,n2,...,nN.* All the neutral conductors 


* [Instead of shield wire we use the term neutral conductor, which applies to distribution as well as 


" transmission lines. 
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FIGURE 4.16 n2(5) nN(3 + N 
nia 


Three-phase 

transmission line with 

earth replaced by earth 
return conductors b(2) 


c{3) 
ali) 


Earth surface 


— — — — = =a omen m eg em — — — a, a PR a = y — — ee ee ee n 


are connected in parallel and are grounded to the earth at regular intervals 
along the line. Any isolated neutral conductors that carry no current are 
omitted. The phase conductors are insulated from each other and from earth. 

If the phase currents are not balanced, there may be a return current in 
the grounded neutral wires and in the earth. The earth return current will 
spread out under the line, seeking the lowest impedance return path. A classic 
paper by Carson [4], Jater modified by others [5, 6], shows that the earth can 
be replaced by à set of “earth return" conductors located directly under the 
overhead conductors, as shown 1n Figure 4.16. Each earth return conductor 
carries the negative of its overhead conductor current, has a GMR denoted 


by: 


Dz, distance Dy, from its overhead conductor, and resistance R}. given 
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TABLE 4.4 


Earth resistivities and 
60-Hz equivalent 
conductor distances 


Type of Earth Resistivity (Om) Dy (m) 


Sea water 0.01-1.0 8.50—85.0 
Swampy ground 10-100 269-850 
Average damp earth 100 850 
Dry earth  : 1000 2690 
Pure slate 107 269.000 
Sandstone 10? 2,690,000 
Dp = Di n (4.7.1) 
Dix = 658.5 /p/f m (4.7.2) 
R,; = 9.869 x 10°7f O/m (4.7.3) 


where p is the earth resistivity in óhm-meters and f is frequency in hertz. 
Table 4.4 lists earth resistivities and 60-Hz equivalent conductor distances 
for various types of earth. It is common practice to select p — 100 Om when 
actual data are unavailable, 

Note that the GMR of each earth retum conductor, Dyg, 1s the same 
as the GMR of Its corresponding overhead conductor, Dy,. Also, all the 
earth return conductors have the same distance Dy, from their overhead 
conductors and the same resistance Ry. 

For simplicity, we renumber the overhead conductors from 1 to 
(3 + N), beginning with the phase conductors, then overhead neutral cov- 
ductors, as shown in Figure 4.16. Operating as a transmission line, the sum of 
the currents in all the conductors is zero. That is, 


(6+2N) 
yo | (4.7.4) 
k=) 


Equation (4.4.30) is therefore valid, and the flux linking overhead conductor 
k is 
(34-N) Dis 


22x10 i Dim wp, 7.5 
dy 22x10 D fin De Wb-t/m (4.7.5) 


In matrix format, (4.7.5) becomes 
A=LI (4.7.6) 


where 
À is a (3 + N) vector 
Lis a (3 + N) vector 
L is a (3 + N) x (3 + N) matrix whose elements are: 


Du 
Lim = 2 10^ in | (4.7.7) 
Din | 
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When k =m, Dy in (4.7.7) is the GMR of (bundled) conductor k. When 
k x m, Dim 1s the distance between conductors k and m. 

A circuit representation of a l-meter section of the line is shown in 
Figure 4.17(a). Using this circuit, the vector of voltage drops across the 
conductors is: 


E 4a I 
a 
Epb ly 
Ec. 
ü I, | | 

0 | =(R+joL) Li (4.7.8) 

0 a 

6 ) Inn 


where L is given by (4.7.7) and R is a (3 + N) x (3+ N) matrix of conductor 


resistances. 
(Ra + Rẹ )Re e Ry 
Re (Ry + Re )Ree ee 
R; + Ry )Ry 
R= (Re + Re Re O/m (4.7.9) 


(Ru + Rj)Re 


Ry (Ran + Rg’) 
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The resistance matrix of (4.7.9) includes the resistance R4 of each overhead 
conductor and a mutual resistance Ry; due to the image conductors. R} of 
each overhead conductor is obtained from conductor tables such as Appendix 
Table A.3 or A.4, for a specified frequency, temperature, and current. Ry of 
all the image conductors is the same, as given by (4.7.3). 

Our objective now 1s to reduce the (3 + N) equations in (4.7.8) to three 
equations, thereby obtaining the simplified circuit representations shown in 
Figure 4.17(b). We partition (4.7.8) as follows: 


Z4 l Za 
a 
E4a || Zn Zu Zi | Zi Ut Z134N) I, 
Ex, || Zn Zn Zn | 224 22(34.N) l, 
! 
Pe Za £m fm 17€ 0 few) e 
0 |) Za Za 243 ! Za L4(3-4N) Ii 
l TaN 
l . 
0 | Zaewn ZgGeNwp £N ! ZgiNA cU Z (34 NN) 
——————— (| ————— 
Zc Zp - 
(4.7.10) 
The diagonal elements of this matrix are 
D; 
Zi = Re + Ry + jo2 x 101n 5 Q/m (4.7.11) 
kk 
And the off-diagonal elements, for k # m, are 
D 1 
Zim = Ry +f@2 x 10 In — O/m (4.7.12) 
Dim 
Next, (4.7.10) is partitioned as shown above to obtain 
EJ- EE em 
0 Zc | £p I, 
where 
E 4a I, In 
Ep—-|Egp|; Je—i|h|; l|: 
Ecc I, Ian 


Ep is the three-dimensional vector of voltage drops across the phase con- 
ductors (including the neutral voltage drop). Ip is the three-dimensional vec- 
tor of phase currents and 7, is the N vector of neutral currents. Also, the 
(3+ N) x (3-- N) matrix in. (4.7.10) is partitioned to obtain the following 
matrices: 
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Z4 with dimension 3 x 3 
Zz with dimension 3 x N 
Zc with dimension N x 3 


Zp with dimension N x N 
Equation (4.7.13) is rewritten as two separate matrix equations: 
Ep = Z4lp + Zgl, (4.7.14) 
0 = ZcIp + Zyl, (4.7.15) 
Solving (4.7.15) for In, 
1, = —Z5 Zclp (4.7.16) 
Using (4.7.16) 1n (4.7.14): 


Ep = |Z4 — ZsZ5 Zc)He (4.7.17) 
Or | 

Ep = Zplp (4.7.18) 
where 

Zp = Z4 — ZaZp Ze ` (4.7.19) 


Equation (4.7.17), the desired result, relates the phase-conductor voltage 
drops (including neutral voltage drop) to the phase currents. Zp given by 
(4.7.19) is the 3 x 3 series-phase impedance matrix, whose elements are de- 
noted 


Laaeq Zabeq Zaceq 
Zp = Labeq Z bbeq Zbceq Q/m (4.7.20) 
Zaceq Zbceq Leceq 


if the line is completely transposed, the diagonal and off-diagonal ele- 
ments are averaged to obtain 


A 


Zaaeq Labeq Zabeg 
Zp = Zabeq Z acq Zabeq Q/ m (4.7.21) 
Žabea Zabeq Zaacq . 
where 
Z aeq = I (Zang + Z bbeq + Zeceg) (4.7.22) 


Z abeg = + (Zabeg + Zaceq + Zbceq) (4.7.23) 
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4.8 


ELECTRIC FIELD AND VOLTAGE: 
SOLID CYLINDRICAL CONDUCTOR 


The capacitance between conductors in a medium with constant permittivity 
€ can be obtained by determining the following: 


1. Electric field strength E, from Gauss’s law 
2. Voltage between conductors 
3. Capacitance from charge per unit volt (C = q/V) 


As a step toward computing capacitances of general conductor con- 
figurations, we first compute the electric field of a uniformly charged, solid 
cylindrical conductor and the voltage between two points outside the c n- 
ductor. We also compute the voltage between two conductors in an arra, of 
charged conductors. 

Gauss's law states that the total electric flux leaving a closed surface 
equals the total charge within the volume enclosed by the surface. That is, the 
normal component of electric flux density integrated over a closed surface 
equals the charge enclosed: 


f)». ds — ff eE, ds = Qenclosed (4.8.1) 


where D, denotes the normal component of electric flux density, E, denotes 
the normal component of electric field strength, and ds denotes the differen- 
tial surface area. From Gauss’s law, electric charge is a source of electric 
fields. Electric field lines originate from positive charges and terminate at 
negative charges. 

Figure 4.18 shows a solid cylindrical conductor with radius r and with 
charge q coulombs per meter (assumed positive in the figure), uniformly dis- 
tributed on the conductor surface. For simplicity, assume that the conductor 
is (1) sufficiently long that end effects are negligible, and (2) a perfect con- 
ductor (that is, zero resistivity, p = 0). 

Inside the perfect conductor, Ohm's law gives Eim = pJ = 0. That is, the 
internal electric field Ej, is zero. To determine the electric field outside the 
conductor, select the cylinder with radius x >r and with 1-meter length,: 
shown in Figure 4.18, as the closed surface for Gauss's law. Due to the uni- | 
form charge distribution, the electric field strength Ex is constant on the cyl- 
inder. Also, there is no tangential component of Ex, so the electric field is ra- 
dial to the conductor. Then, integration of (4.8.1) yields 


sE,(2nx)(1) = (1) 


_ 4 
E=; Wm (4.8.2) 


where, for a conductor in free space, £ = eg = 8.854 x 107? F/m. 


af 
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FIGURE 4.18 


Perfectly conducting 
solid cylindrical 
conductor with uniform 
charge distribution 





A plot of the electric field lines is also shown in Figure 4.18. The direc- 
tion of the field lines, denoted by the arrows, is from the positive charges 
where the field originates, to the negative charges, which 1n this case are at 
infinity. If the charge on the conductor surface were negative, then the direc- 
tion of the field lines would be reversed. | 

Concentric cylinders surrounding.the conductor are constant potential 
surfaces. The potential difference between two concentric cylinders at dis- 
tances D, and D; from the conductor center is 





D; 
Vi = | Ex dx (4.8.3) 

Dı 

Using (4.8.2) in (4.8.1), 
D2 
q q , D» 
- dx =n 8. 

Vi N FE dx Jm ” D, volts (4.8.4) 


Equation (4.8.4) gives the voltage V1; between two points, P, and P5, at dis- 
tances D; and D; from the conductor center, as shown in Figure 4.18. Also, 
in accordance with our. notation, V1; is the voltage at P1 with respect to P2. If 
q is positive and D; is greater than Dı, as shown in the figure, then Vi; is 
positive; that is, P1 is at a higher potentia] than P5. Equation (4.8.4) is also 
valid for either dc or ac. For ac, Vi? is a phasor voltage and g 1s a phasor 
representation of a sinusoidal charge. 

Now apply (4.8.4) to the array of M solid cylindrical conductors shown 
in Figure 4.19. Assume that each conductor m has an ac charge g,, C/m uni- 
formly distributed along the conductor. The voltage V, between conductors 
k and i due to the charge gm acting alone is 


Im In Dim 


Gm d m 1 8. 
2n£ Din volts (4.8.5) 


Vkim = 
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FIGURE 4,19 M 
Array of M solid O 


cylindrical conductors 


4.9 





where Dmm = tm when k = m or i =m. In (4.8.5) we have neglected the dis- 
tortion of the electric field in the vicinity of the other conductors, caused by 
the fact that the other conductors themselves are constant potential surfaces. 
Viim can be thought of as the voltage between cylinders with radii Dym and 
Din concentric to conductor m at points on the cylinders remote from con- 
ductors, where there is no distortion. 

Usiüg superposition, the voltage V; between conductors k and i; due to 
all the changes is 


nm 





yu ER a In = volts (4.8.6) 
i Ire A Qm D 6.0 


i 
km 


CAPACITANCE: SINGLE-PHASE TWO-WIRE LINE 
AND THREE-PHASE THREE-WIRE LINE WITH 
EQUAL PHASE SPACING 


The results of the previous section are used here to determine the capaci- 
tances of the two relatively simple.transmission lines considered in Section 
4.5, a single-phase two-wire line and a three-phase three-wire line with equal 
phase spacing. 

First we consider the single-phase two-wire line shown in Figure 4.9. 
Assume that the conductors are energized by a voltage source such that con- 
ductor x has a uniform charge g C/m and, assuming conservation of charge, 
conductor y has an equal quantity of negative charge —g. Using (4.8.6) with 
k=x I= and m= xy 





] D D 
= — |g Iin — — g In —Z 
e 276€ "as D qin Dwy 
_ 4 1, PxDy | (4.9.1) 


2n - Ds Dy, 
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‘FIGURE 4.20 


Circuit representation-of 


capacitances for a single- 
phase two-wire line 


Using Dy = Dy, = D, D = ry, and D,, = rp, (4.9.1) becomes 





q 
Vy, =>] lt 4.9.2 
o um volts (4.9.2) 
For a l-meter line length, the capacitance between conductors is 
C, ==“ — F/m line-to-line (4.9.3) 





Vey | D | 
In 
Los 


and if ry =ry =f, 


(4.9.4) 





If the two-wire line is supplied by a transformer with a grounded center 
tap, then the voltage between each conductor and ground is one-half that 
given by (^.9.2). That is, 


V. 
Va = Vin = > (4.9.5) 


and the capacitance from either line to the grounded neutral is 





DNE 
= ———— F/m line-to-neutral ;9: 
in(DJ9) /m line-to-neutra (4.9.6) 


Circuit representations of the line-to-line and line-to-neutral capaci- 
tances are shown in Figure 4.20. Note that if the neutral is open in Figure 
4.20(b), the two line-to-neutral capacitances combine in series to give the line- 
to-line capacitance, 

Next consider the three-phase line with equal phase spacing shown in 
Figure 4.10. We shall neglect the effect of earth and neutral conductors here. 
To determine the positive-sequence capacitance, assume positive-sequence 
charges qa, 4s, qe Such that ga + qs + qe = 0. Using (4.8.6) with k = a, i= b, 
and m = a,b,c, the voltage V,, between conductors a and b is 

l Dba D; na 


ee fa mee 
Vab ju; de up, 2 Ds 4 n 5. 


Using Daa = Dy, = r, and Dag = Dj; = Dea = D, = D, (4.9.7) becomes 





(4.9.7) 





(a) Line-to-line capacitance (b) Line-to-neutral capacitances 


FIGURE 4.21 


Circuit representation of 
the capacitance-to- 
neutral of a three-phase 
line with equal phase 
spacing 
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| 
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V, = l In p +a, In Ea J- In E 
i Sopii È Y 
x eos. ka 4.9. 
3 l In 3 + gy In 5 volts (4.9.8) 


Note that the third term in (4.9.8) 1s zero because conductors a and b are 
equidistant from conductor c. Thus, conductors a and 5 lie on a constant po- 
tential cylinder for the electric field due to g,. — 

Similarly, using (4.8.6) with k =a, i— c, and m = a,b,c, the voltage 
Vac 3S 








l Dea Des Dee 
Voc = snc 
ae fa In D, t qs In Das + 4 In a 
Sea c m eae 
“el E De 
] D r 
Ev D In P «qn 5 volts (4.9.9) 
Recall that for balanced positive-sequence voltages, 
v3 1] 
Va = V3V,/430* = V3 Van tds (4.9.10) 
3 
c= -Va = VT EX = Vite] = (4.9.11) 
Adding (4.9.10) and (4.9.11) yields 
Vab + Vae = 3 Van (4.9.12) 
Using (4.9.8) and (4.9.9) in (4.9.12), 
- Pu d D r 
Von = 3 (az) 24 In pt + (qb + Ge) j 5 (4.9.13) 
and with qb + qe = — qa, 
1 D 
Van = One 14 In a volts (4.9.14) 
The capacitance-to-neutral per line length is 
_ Ga  2nt te | 
nom y n/J F/m line-to-neutral (4.9.15) 


Due to symmetry, the same result is obtained for Cy, = qa/Vpn and 
Con = qe/ Ven. For balanced three-phase operation, however, only one phase 
need be considered. A circuit representation of the capacitance-to-neutral is 
shown in Figure 4.2]. 
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4.10 





CAPACITANCE: STRANDED CONDUCTORS, 
UNEQUAL PHASE SPACING, BUNDLED 
CONDUCTORS 


Equations (4.9.6) and (4.9.15) are based on the assumption that the con- 
ductors are solid cylindrical conductors with zero resistivity. The electric field 
inside these conductors is zero, and the external electric field is perpendicular 
to the conductor surfaces. Practical conductors with resistivities similar to 
those listed in Table 4.3 have a small interna] electric field. As a result, the 
external electric field is slightly altered near the conductor surfaces. Also, the 
electric field near the surface of a stranded conductor is not the same as that 
of a solid cylindrical conductor. However, it is normal practice when calcu- 
lating Ime capacitance to replace a stranded conductor by a perfectly con- 
ducting solid cylindrical conductor whose radius equals the outside radius of 
the stranded conductor. The resulting error in capacitance 1s small since only 
the electric field near the conductor surfaces 1s affected. 

Also, (4.8.2) is based on the assumption that there is uniform charge 
distribution. But conductor charge distribution is nonuniform in the presence 
of other charged conductors. Therefore (4.9.6).and (4.9.15), which are derived 


-from (4.8.2), are not exact. However, the nonuniformity of conductor charge 


distribution can be shown to have a negligible effect on line capacitance. 

For three-phase lines with unequal phase spacing, balanced positive- 
sequence voltages are not obtained with balanced positive-sequence charges. 
Instead, unbalanced line-to-neutral voltages occur, and the phase-to-neutral 
capacitances are unequal. Balance can be restored by transposing the line 
such that each phase occupies each position for one-third of the line length. If 
equations similar to (4.9.7) for Vap as well as for Vz: are written for each po- 
sition in the transposition cycle, and are then averaged and used in (4.9.12)- 
(4.9.14), the resulting capacitance becomes 


(4.10.1) 


(4.10.2) 


Figure 4.22 shows a bundled conductor line with two conductors per 
bundle. To determine the capacitance of this line, assume balanced positive- 
sequence charges ga, gs, ge for each phase such that ga + gb + ge = 0. Assume 
that the conductors in each bundle, which are in parallel, share the charges 
equally. Thus conductors a and a’ each have the charge g,/2. Also assume 
that the phase spacings are much larger than the bundle spacings so that Dj 
may be used instead of (Da — d) or (Da + 2). Then, using (4.8.6) with k = a, 
f=) m =a, d 550€. 
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FIGURE 4.22 | d 
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2 Due Dac 
" ] Da, v rd Dy. 
= =— |gq In —=+ qs In — + qe In — 4.10. 
Fare o In Tra qb D; + qe in pe (4.40.3) 


Equation (4.10.3) is the same as (4.9.7), except that Daa and Dy, in 
(4.9.7) are replaced by vrd in this equation. Therefore, for a transposed line, 
derivation of the capacitance would yield | 


(4.10.4) 


(4.10.5) 


(4.10.6) 
(4.10.7) 





Equation (4.10.4) for capacitance is analogous to (4.6.22) for induc- 
tance. In both cases Deg, given by (4.6.17) or (4.10.2), is the geometric mean 
of the distances between phases. Also, (4.10.5)-(4.10.7) for Dsc are analo- 
gous to (4.6.19)-(4.6.21) for Ds, except that the conductor outside radius r 
replaces the conductor GMR D. 

The current supplied to the transmission-line capacitance is called 
charging current. For a single-phase circuit operating at line-to-line voltage 
Vy = V&44/0?, the charging current is 


Leng = Ya Vey = JWC V vr A (4.10.8) 
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EXAMPLE 4.6 





As shown in Chapter 2, a capacitor delivers aoe From (2.3.5), the 
reactive power delivered by the line-to-line capacitance is 





V2 ! 
Qc = — = YyVi, = @CyVi, vaf (4.10.9) ` 


For a completely transposed three-phase line that has balanced positive- 
sequence voltages with Vm = Vin/0°, the phase a charging current is 








Ing YVa = jOCanVin A (4.10.10) 
and the reactive power delivered by 

Qcig = YV2 = oCu Vi. var (4.10.11) 
The total reactive power supplied by the three-phase line is 

Qc; = 3Qcirg = 3eCu Via = oC VE, var (4.10.12) 





Capacitance, admittance, and reactive power supplied: 
single-phase line 


For the single-phase line in Example 4.3, determine the line-to-line capaci- 
tance in F and the line-to-line admittance in S. If the line voltage is 20 kV, 
determine the reactive power in kvar supplied by this capacitance. 


SOLUTION From Table A.3, the outside radius of a 4/0 12-strand copper 
conductor is 


|.0.552 nx I ft 
~ ^ 12in. 


and from (4.9.4), 


= 0.023 ft 


. n(8.854 x 10717) 


ps : 
i (cams 


Cy = 5.169 x 102 Ex 1609 x 20 mi = 1.66 x 1077. F 
m mi 


= 5.169 x 107^ F/m 


Or 


and the shunt admittance is 
Y, = jos, = j(2n60)(1.66 x 1077) 
= j6.27 x 107° S line-to-line 
From (4.10.9), 
Qc = (6.27 x 1075)(20 x 109)? 225.1. kvar a 
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EXAMPLE 4.7 Capacitance and shunt admittance; charging current and 
reactive power supplied: three-phase line 


For the three-phase line in Example 4.5, determine the capacitance-to-neutral 
in F and the shunt admittance-to-neutral in S. If the line voltage is 345 kV, 
determine the charging current in kA per phase and the total reactive power 
in Mvar supplied by the lme capacitance. Assume balanced positive-sequence 
voltages. | 


SOLUTION From Table A.4, the outside radius of a 795,000 cmil 26/2 
ACSR conductor is 


r= me in. x 0.0254 = 0.0141 m 
2 ID. 





From (4.10.5), the equivalent radius of the two-conductor bundle is 
Dsc = /(0.0141)(0.40) = 0.0750 m 
Deg = 12.6 m is the same as in Example 4.5. Therefore, from (4.10.4), 
| -12 
(21)(8.854 x 107^) F 1000 2. 


if 125 m n 
10.0750 


2217x105 F 


Can = x 200 km 


The shunt admittance-to-neutral is 
Yon = joCa, = j(2160)(2.17 x 1076) 
—j8.19x10* S 
From (4.10.10), 


45 
Las = Mong] = (8.19 x 1074) (=) = 0,163 kA/phase 


and from (4.10.12), 
Qcag = (8.19 x 107*)(345)? = 97.5 Mvar | nm 


4.1 I 


SHUNT ADMITTANCES: LINES WITH NEUTRAL 
CONDUCTORS AND EARTH RETURN 


In this section, we develop equations suitable for computer calculation of the 
shunt admittances for the three-phase overbead line shown in Figure 4.16. 
We approximate the earth surface as a perfectly conducting horizontal plane, 
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FIGURE 4.23 
Method of images 


EXAMPLE 4.8 
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Earth plane 


(a) Single conductor and earth plane 





(b) Earth plane replaced by image conductor 


even though the earth under the line may have irregular terrain and re- 
sistivities as shown m Table 4.4. 

The effect of the earth plane 1s accounted for by the method of images, 
described as follows. Consider a single conductor with uniform charge distri- 
bution and with height H above a perfectly conducting earth plane, as shown 
in Figure 4.23(a). When the conductor has a positive charge, an equal quan- 
tity of negative charge is induced on the earth. The electric field lines will 
originate from the positive charges on the conductor and termunate at the 
negative charges on the earth. Also, the electric field lines are perpendicular 
to the surfaces of the conductor and earth. 

Now replace the earth by the image conductor shown in Figure 4.23(b), 
which has the same radius as the original conductor, lies directly below the 
original conductor with conductor separation Hj; = 2H, and has an equal 
quantity of negative charge. The electric field above the dashed line repre- 
senting the location of the removed earth plane in Figure 4.23(b) is identical 
to tbe electric field above the earth plane in Figure 4.23(a). Therefore, the 
voltage between any two points above the earth 1s the same in both figures. 


. Effect of earth on capacitance: single-phase line . 


If the single-phase line in Example 4.6 has flat horizontal spacing with 18-ft : 
average line height, determine the effect of the earth on capacitance. Assume 
a perfectly conducting earth plane. 


SOLUTION The earth plane is replaced by a separate image conductor for 
each overhead conductor, and the conductors are charged as shown in Figure 
4.24. From (4.8.6), the voltage between conductors x and y is 
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FIGURE 4.24 


Single-phase line for 
Example 4.8 


Earth plane 
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Using D = 5 ft, r = 0.023 ft, H,, = 2H = 36 ft, and H,, = / 36) + (5)" = 
36.346 ft, 


n(8.854 x 107!2) ET 
C. = uS n 2636 = 5.178 x 10 F/m 
0.023 36 


compared with 5.169 x 107'* F/m in Example 4.6. The effect of the earth 
plane is to slightly increase the capacitance. Note that as the line height H 
increases, the ratio H,,/H,, approaches 1, In(Hy/Hy,) — 0, and the effect 
of the earth becomes negligible. a 


For the three-phase line with N neutral conductors shown in Figure 
4.25, the perfectly conducting earth plane is replaced by a separate image 
conductor for each overhead conductor. The overhead conductors a, b, c, nl, 
n2,...,nN carry charges qa, d5, Qc, Quis ---, gny, and the image conductors a’, 
b', c', nl',...,nN' carry charges —qda, —q5, —Yes —^Quv ^ dau. Applying . 
(4.8.6) to determine the voltage Vj; between any conductor k and its image 
conductor K', 
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FIGURE 4.25 


Three-phase line with 
neutral conductors and 
with earth plane 
replaced by image 
conductors 








(4.11.1) 


where Dy, = r; and Dy, is the distance between overhead conductors k and 
m. Hy, is the distance between overhead conductor k.and image conductor 
m. By symmetry, the voltage Vi, between conductor k and the earth is one- 


half of Vue . 


] | 4X Hum 


Vi = = Vir: = — 
kn — h ORK ane f dm H Dim 


where 
k — a,b,c,nl,n2,...,nN 
m= a,b,c,nl,n2,...,nN 

Since all the neutral conductors are grounded to the earth, 
Vin = 0 for k =nl,n2,...,nN 


In matrix format, (4.11.2) and (4.11.3) are 


(4.11.2) 


(4.11.3) 
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P, Pp 
P P S 
Van F ad Pop p ac P anl TOSS P ann Ga 
Vis Pia = Pap — Py Poi — ccc Pann | 9 
Es Pa B. P c P en Aes y nN Ü 
eras b C i CnN de (4. l l 4) 
0 Ps Puis Pite Piisi py Prins dnl 
0 Pine Pane Pawe Piwi ae Poron Gun 
Pc Pp 
The elements of the (3 + N) x (3+ N) matrix P are 
| Po 
Pos sig F 4.11.5 
wo o. M one 


k=a b tal em 
m — a,b,c,nl,...,nN 


Equation (4.11.4) 1s now partitioned as shown above to obtain 


allele ans 


Vp is the three-dimensional vector of phase-to-neutral voltages. gp 1s the 
three-dimensional vector of phase-conductor charges and 4, is the N vector 
of neutral conductor charges. The (3 + N) x (3+ N)P matrix is partitioned 
as shown in (4.11.4) to obtain: 


P, with dimension 3 x 3 
P; with dimension 3 x N 
Pc with dimension N x 3 
Pp with dimension N x N 


Equation (4.11.6) is rewritten as two separate equations: 


Vp = Pagp + Pag, (4.11.7) 

0 = Pcgp + Pog, (4.11.8) 
Then (4.11.8) is solved for q,, which is used in (4.11.7) to obtain 

Vp = (P4 —PaP5'Pc)gp ` (4.11.9) 
or | 

qp = Cr Vp | (4.11.10) 


ve 


210 


CHAPTER 4 TRANSMISSION LINE PARAMETERS 


4.12 


where 
Cp —(P,-PgP5!'Pc)  F/m (4.11.11) 
Equation (4.11.10), the desired result, relates the phase-conductor 


charges to the phase-to-neutral voltages. Cp is the 3 x 3 matrix of phase 
capacitances whose elements are denoted 


Caa Cab Cac 
Cp = | Cah C» Coe | F/m (4.11.12) 
Cac Che Ce 


It can be shown that Cp is a symmetric matrix whose diagonal terms C,,, 
Can, Cee are positive, and whose off-diagonal terms Cis, Che, Cae are negative. 
This indicates that when a positive line-to-neutral voltage is applied to one 
phase, a positive charge is induced on that phase and negative charges are 
induced on the other phases, which is physically correct. 

If the line is completely transposed, the diagonal and off-diagonal ele- 
ments of Cp aré averaged to obtain 


^ ^ ^ 


Cua Cap Cah 
Cp = Cub C Cap F/m (4.1 l. 13) 
Cus Cup Cus 
where 
Cau = I(Cu, + Cj + Ca) F/m (4.11.14) 
Cun = 4 (Cub + Che + Cac) F/m (4.11.15) 


Ĉp is a symmetrical capacitance matrix. 
The shunt phase admittance matrix is given by 


Yp —joCp —j(2nf)Cp S/m (4.11.16) 
or, for a completely transposed line, 
Y» = joC€p = j(2nf)Cp S/m (4.11.17) 


ELECTRIC FIELD STRENGTH AT CONDUCTOR 
SURFACES AND AT GROUND LEVEL 


When the electric field strength at a conductor surface exceeds the breakdown 
strength of air, current discharges occur. This phenomenon, called corona, 
causes additional line losses (corona loss), communications interference, and 
audible noise. Although breakdown strength depends on many factors, a 
rough value is 30 kV/cm in a uniform electric field for dry air at atmospheric : 


FIGURE 4.26 


Vector addition of 
electric fields at the 
surface of one conductor 
in a bundle 
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pressure. The presence of water droplets or rain can lower this value signifi- 
cantly. To control corona, transmission lines are usually designed to maintain 
calculated values of conductor surface electric field strength below 20 kV ms/ 
cm. 
When line capacitances are determined and conductor voltages are 
known, the conductor charges can be calculated from (4.9.3) for a single- 
phase line or from (4.11.10) for a three-phase line. Then the electric field 
strength at the surface of one phase conductor, neglecting the electric fields 
due to charges on other phase conductors and neutral wires, is, from (4.8.2), 


q 
= V 4.12.1 
1 E Azttr Am | ( ) 


where r is the conductor outside radius. 
For bundled conductors with N, conductors per bundle and with 
charge q C/m per phase, the charge per conductor is g/N» and 


| Etave = gr Nb V/m | l (4.12.2) 


27er 








Equation (4.12.2) represents an average value for an individual conductor in 
a bundle. The maximum electric field strength at the surface of one conductor 
due to all charges in a bundle; obtained by the vector addition of electric 
fields {as shown in Figure 4.26), is as follows: 

Two-conductor bundle (N, = 2): 


CIE -25 (1+5) 


= 





| ug = = 
f Uo 2mer : 2ned = 2ner d 
_ 
= Ernve (1 T 2) (4.12.3) 
Three-conductor bundie (N; = 3): 
g/3 [1 2cos30? r3 
rm = —— = —— — rav . 4. 4 
Dean mite 1 rage l+— (4.12.4) 


l $ Four-conductor bundle (N; = 4): 


q/4 f| l 2 cos 45° r 
eS ee nc NECATUS 4.12. 
B... (ru Ee t44 1213) ( p? 5) 


278 d 


q/3 
g/2  g/2 q/3 q/3 
-—9—9 
30° 
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TABLE 4.5 


Examples of maximum 


ground-level electric 
field strength versus 
transmission-line voltage 
(1] (© Copyright 1987. 
Electric Power Research 
Institute (EPRI), 
Publication Number 
FL-2500. Transmission 
Line Reference Book, 
345 kV and Above, 
Second Edition, 
Revised. Reprinted 
with permission. ) 


FIGURE 4.27 


Ground-level electric 
field strength due to an 
overhead conductor and 
its image 
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Line Voltage (KVrms) Maximum Ground-Level Electric Field Strength (kV. /m) 





23 (14) 0.01-0.025 

23 (39) 0.01-0.05 
115 0.1-0.2 
345 2.3-5.0 
345 {double circuit} 5.6 
500 8.0 


765 10.0 


Although the electric field strength at ground level is much less than at 
conductor surfaces where corona occurs, there are still capacitive coupling 
effects. Charges are induced on ungrounded equipment such as vehicles with 
rubber tires located near a line. If a person contacts the vehicle and ground, a 
discharge current will flow to ground. Transmission-line heights are designed 
to maintain-discharge currents below prescribed levels for any equipment that 
may be on the right-of-way. Table 4.5 shows examples of maximum ground- 
level electric field strength. 

As shown in Figure 4.27, the ground-level electric field strength due to 
charged conductor k and its image conductor is perpendicular to the earth 
plane, with value 


qk ) ` 2 cos 


MNT 
PE V vet (w- x4)? 


- (£) 23k o 

ne} yi (w= xe) 

where (xx, y,) are the horizontal and vertical coordinates of conductor k with 
respect to reference point R, w is the horizontal coordinate of the ground- 
level point where the electric field strength 1s to be determined, and 4, is the 


charge on conductor k. The total ground-level electric field is the phasor sum 
of terms E(w) for all overhead conductors. A lateral profile of ground-level 


V/m (4.12.6) 


Ground level 


> 
E 


EXAMPLE 4.9 


4.13 
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electric field strength is obtained by varying w from the center of the line to 
the edge of the nght-of-way. 


Conductor surface and ground-level electric field strengths: 
single-phase line 


For the single-phase line of Example 4.8. calculate the conductor surface 
electric field strength in kV,m;/em. Also calculate the ground-level electric 
field in kV ms/m directly under conductor x. The line voltage is 20 kV. 


SOLUTION From Example 4.8, Cy = 5.178 x 107" F/m. Using (4.9.3) with 
Voy = 20/0° kV, | 
qx = —Gy = (5.178 x 107!2)(20 x 103/0°) = 1.036 x 1077/0° C/m 


From (4.12.1), the conductor surface electric field strength is, with r — 0.023 
ft — 0.00701 m, | 

7 1.036 x 1077 V , kV , m 

— (2n)(8.854 x 10-!2)(0.00701) m 1000 V 100 cm 


= 2.66 | kV, /cm 


E, 


Selecting the center of the line as the reference point R, the coordinates 
(Xv, Y.) for conductor x are (—2.5 ft, 18 ft) or (—0.762 m, 5.49 m) and 
(+0.762 m, 5.49 m) for conductor y. The ground-level electric field directly 
under conductor x, where w = —0.762 m. is, from (4.12.6), 


E(—0.762) = E,(—0.762) + £,(—0.762) 


1.036x 107’  |(2)(5.49) - (2)(5.49) 
(21)(8.85 x 10-2) | ( ( 


= 


5.49)? (5.49)" + (0.762 + 0.762) 
= 1.862 x 10°(0.364 — 0.338) = 48.5/0° V/m = 0.0485 kV/m 


For this 20-kV line, the electric field strengths at the conductor surface 
and at ground level are low enough to be of relatively small concern. For 
EHV lines, electric field strengths and the possibility of corona and shock 
hazard are of more concern. CI 


PARALLEL CIRCUIT THREE-PHASE LINES 


If two parallel three-phase circuits are close together, either on the same 
tower as in Figure 4.3, or on the same right-of-way, there are mutual induc- 


tive and capacitive couplings between the two circuits, When calculating the 


equivalent series impedance and shunt admittance matrices, these couplings: 
should not be neglected unless the spacing between the circuits is large. 
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FIGURE 4.28 


Single-line diagram of a 
double-circuit line 


Ep 






(fo, + ipa) 


Consider the double-circuit line shown in Figure 4.28. For simplicity, 
assume that the lines are not transposed. Since both are connected in parallel, 
they have the same series-voltage drop for each phase. Following the same 
procedure as in Section 4.7, we can write 2(6 + N) equations similar to 
(4.7.6)—(4.7.9): &ix equations for the overhead phase conductors, N equations 
for the overhead neutral conductors, and (6 + N) equations for the earth re- 
turn conductors. After lumping the neutral voltage drop into the voltage 
drops across the phase conductors, and eliminating the neutral and earth re- 
turn currents, we obtain 


| = Zel | (4.13.1) 


where Ep 1s the vector of phase-conductor voltage drops (including the neu- 
tra] voltage drop), and 7p, and Jp) are the vectors of phase currents for lines 


land 2. Zp is a 6 x 6 impedance matrix. Solving (4.13.1) 


(Y4 + Yp) 
(Yo + Yp) 


-r| Ep 
Ep 


[xs | Ys] [Ee 


E 4.13.2 
at P ( ) 


























In 
Ip 


where Y4, Ys, Yc, and Yp are obtained by partitioning Zp ! into four 3 x 3 
matrices. Adding Zp; and Ip;, 





(Ip) + Ip?) = (Ya + Yp + Yc + Yo)Ep (4.13.3) 
and solving for E», 

Ep = Zpeq(Ip + Ip2) (4.13.4) 
where 

Zpeq = (Y4 + Yg + Yc + Yp)” (4.13.5) 


ZPeq is the equivalent 3 x 3 series phase impedance matrix of the double- 
circuit line. Note that in (4.13.5) the matrices Yp and Yc account for the in- 
ductive coupling between the two circuits. Si 
An analogous procedure can be used to obtain the shunt ime 
matrix, Following the ideas of Section 4.11, we can write (6 + N) equations 
similar to (4.11.4). After eliminating the neutral wire charges, we obtain 


y Cll Es Cie 
AP eer a E AEH) DEBT. eds Se) Vp (4.13.6) 
dp? Vp Cc | Cp 











Ve| | (Ce + C») 
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4.1 


4.2 


4.3 


4.4 


4.5 
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where Vp is the vector of phase-to-neutral voltages, and gp, and gp, are the 


vectors of phase-conductor charges for lines Í and 2. Cp is a 6 x 6 capaci- 


tance matrix that is partitioned into four 3 x:3 matrices C4, Cpg, Ce: and Cp. 
Adding dp) and dp 


(gpi + pz) = Creq Vp . (4.13.7) 
where 

Crea = (tE Ee + Cy) (4.13.8) 
Also, 

Pas joCPeq (4.13.9) 


Ypeq is the equivalent 3 x 3 shunt admittance matrix of the double-circuit 
line. The matrices Cg and Cc in (4.13.8) account for the capacitive coupling 
between the two circuits. 

These ideas can be extended in a straightforward fashion to more than 
two parallel circuits. 


SECTION 4.2 


The Aluminum Electrical Conductor Handbook lists a dc resistance of 0.01552 ohm per 
1000 ft at 20°C and a 60-Hz resistance of 0.0951 ohm per mile at 50°C for the all- 
aluminum Marigold conductor, which has 61 strands and whose size is 1113 kcmil. 
Assuming an increase in resistance of 1.6% for spiraling, calculate and verify the dc 
resistance. Then calculate the dc resistance at 50°C, and determine the percentage in- 
crease due to skin effect. 


The temperature dependence of resistance 1s also quantified by the relation 
R; = Ry{] + a(T? — T1)] where R, and R; are the resistances at temperatures T; and 
Tz, respectively, and « is known as the temperature coefficient of resistance. If a cop- 
per wire has a resistance of 50 Q at 20°C, find the maximum permissible operating 
temperature of the wire if its resistance is to increase by at most 10%, Take thé tem- 
perature coefficient at 20°C to be a = 0.00382. 


A transmission-line cable, of length 3 km, consists of 19 strands of identical copper 
conductors, each 1.5 mm in diameter. Because of the twist of the strands, the actual 
length of each conductor is increased by 5%. Determine the resistance of the cable, if 
the resistivity of copper is 1.72 uQ.cm at 20°C. 


One thousand circular mils or 1 kemil is sometimes designated by the abbreviation 


: MCM. Data for commercial bare aluminum electrical conductors lists a 60-Hz resis- 


tance of 0.0740 ohm per kilometer at 75°C for a 954-MCM AAC conductor. (a) De- 
termine the cross-sectional conducting area of this conductor in square meters. (b) 
Find the 60-Hz resistance of this conductor in ohms per kilometer at 45°C. 


A 60-Hz, 765-kV three-phase overhead transmission line has four ACSR 1113 kcmil 
54/3 conductors per phase. Determine the 60- Hz resistance of this line in ohms per'ki- 
lometer per phase at 50?C. 
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4.6 


4.7 


4.8 


4.9 


4.12 


4.13 


4.14 


- A three-phase overhead transmission line ts designed to deliver 190.5 MVA at 220 kV 


over a distance of 63 km, such that the tota] transmission line loss is not to exceed 
2.5% of the rated line MVA. Given the resistivity of the conductor material to be 
2.84 x 1075 O-m, determine the required conductor diameter and the conductor size 
in circular mils. Neglect power losses due to insulator leakage currents and corona. 


If the per-phase line loss in a 60-km-long transmission line is not to exceed 60 kW 
while it is delivering 100 A per phase, compute the required conductor diameter, if the 
resistivity of the conductor material is 1.72 x 1078 Qm. 


SECTIONS 4.4 AND 4.5 


A 60-Hz single-phase, two-wire overhead line has solid cylindrical copper conductors 
with 1.5 cm diameter. The conductors are arranged in a horizontal configuration with 
0.5 m spacing. Calculate in mH/km (a) the inductance of each conductor due to inter- 
nal flux linkages only, (b) the inductance of each conductor due to both internal and 
external flux linkages, and (c) the total inductance of the line. 


Rework Problem 4.8 if the diameter of each conductor 1s: (a) increased by 20% to 1.8 
cm, (b) decreased by 20% to 1.2 cm, without changing the phase spacing. Compare 
the results with those of Problem 4.8. 


A 60-Hz three-phase, three-wire overhead line has solid cylindrical conductors ar- 
ranged in the form of an equilateral triangle with 4 ft conductor spacing. Conductor 
diameter ts 0.5 in. Calculate the positive-sequence inductance in H/m and the positive- 
sequence inductive reactance in Q/km. 


Rework Problem 4.10 if the phase spacing 1s: (a) increased by 20% to 4.8 ft, (b).de- 
creased by 20% to 3.2 ft. Compare the results with those of Problem 4.10. 


Find the inductive reactance per mile of a single-phase overhead transmission line op- 
erating at 60 Hz, given the conductors to be Partridge and the spacing between centers 
to be 20 ft. 


A single-phase overhead transmission line consists of two solid aluminum conductors 
having a radius of 2.5 cm, with a spacing 3.6 m between centers. (a) Determine the 
total line inductance in mH/m. (b) Given the operating frequency to be 60 Hz, find 
the total inductive reactance of the Ime in 2/km and tn Q/mi. (c) If the spacing is 
doubled to 7.2 m, how does the reactance change? 


(a) In practice, one deals with the inductive reactance of.the line per phase per mile 
and use the logarithm to the base 10. 
Show that Eq. (4.5.9) of the text can be rewritten as 


x=k log 2 ohms per mile per phase 
= Xd t Xu 
Where xy = k log D is the inductive reactance spacing factor in ohms per mile, 
x, = k log L is the inductive reactance at 1-ft spacing in ohms per mile. 
and k = 4.657 x 1077 = 0.2794 at 60 Hz. 


(b) Determine the inductive reactance per mile per phase at 60 Hz for a single-phase 
line with phase separation of 10 ft and conductor radius of 0.06677 ft. 
If the spacing is doubled, how does the reactance change? 


4.15 


4.16 


FIGURE 4.29 


Bundle configuration for 
Problem 4.16 


4.17 


FIGURE 4.30 


Unconventional 
stranded conductors for 
Problem 4.17 


4.18 


4.19 
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SECTION 4.6 


Find the GMR of a stranded conductor consisting of six outer strands surrounding 
and touching one central strand, all strands having the same radius r. 


A bundle configuration for UHV lines (above 1000 kV) has identical conductors 
equally spaced around a circle, as shown in Figure 4.29. N, is the number of con- 
ductors in the bundle, A is the circle radius, and Ds is the conductor GMR. Using the 
distance Di, between conductors ] and n given by Dj, = 2A sin|(n — 1)z/N,] for 
n= 1.2,..., Np, and the following trigonometric identity: 


[2 sin(z/ N;)]|2 sin(2x/Np)|[2 sin(3z/N4)] --- [2 sin((N5 — D)z/N4)] = 


show that the bundle GMR, denoted Ds, , 1s 
Do. = [N;DgAU -D]U/ 9) 


Also show that the above formula agrees with (4.6.19)-(4.6.21) for EHV lines with 
Np = 2,3, and 4. 


Ds = conductor GMR 





Determine the GMR of each of the unconventional stranded PORCUCIOES shown 1n 
Figure 4.30. All strands have the same radius r. 





A 230-kV, 60-Hz, three-phase completely transposed overhead line has one ACSR 
954-kcmil conductor per phase and flat horizontal phase spacing, with 8 m between 
adjacent conductors. Determine the inductance in H/m and the inductive reactance in 
Q/km. | 

Rework Problem 4.18 if the bined spacing between adjacent conductors js: (a) in- 
creased by 10% to 8.8 m, (b) decreased by 10% to 7.2 m. Compare the results with 
those of Problem 4.18. 
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4.20 


4.21 


4.22 


FIGURE 4.3i 
Problem 4.22 


4.23 


FIGURE 4.32 
Problem 4.23 


4.24 


Calculate the inductive reactance in Q/km of a bundled 500-kV, 60-Hz, three-phase 
completely transposed overhead line having three ACSR 1113-kcmil conductors per 
bundle, with 0.5 m between conductors in the bundle. The horizontal phase spacings 
between bundle centers are 10, 10, and 20 m. 


Rework Problem 4.20 if the bundled line has: (a) three ACSR, 1351-kcmil conductors 
per phase, (b) three ACSR, 900-kcmi] conductors per phase, without changing the 
bundle spacing or the phase spacings between bundle centers. Compare the results 
with those of Problem 4.20. 


The conductor configuration of a bundled single-phase overhead transmission line is 
shown 1n Figure 4.3]. Line X has its three conductors situated at the corners of an 
equilateral triangle with 10-cm spacing. Line Y has its three conductors arranged in 
a horizontal configuration with 10-cm spacing. All conductors are identical, solid- 
cylindrical conductors, each with a radius of 2 cm. (a) Find the equivalent representa- 
tion in terms of the geometric mean radius of each bundle and a separation that is the 
geometric mean distance. 


Line X Line Y 


| 100m | | 10cm | 10cm | 
e © Io e 
P —————— êm | 





O 


Figure 4.32 shows the conductor configuration of a completely transposed three-phase 
overhead transmission line with bundled phase conductors. All conductors have a ra- 
dius of 0.74 cm with a 30-cm bundle spacing. (a) Determine the inductance per phase 
in mH/km and in mH/mi. (b) Find the inductive line reactance per phase in Q/mi at 
60 Hz. 


EIS p $5 5 EI 


Consider a three-phase overhead line made up of three phase conductors, Linnet, 
336.4 kcmil, ACSR 26/7. The bne configuration 1s such that the horizontal separation 
between center of C and that of A is 40", and between that of A and B is also 40" in 
the same line; the vertical separation of A from the line of C-B is 16”. If the line is 
operated at 60 Hz at a conductor temperature of 75?C, determine the inductive re- 
actance per phase in (2/mi, 

(a) By using the formula given in Problem 4.14 (a), and 

(b) By using (4.6.18) of the text. 
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4.25 For the overhead line of configuration shown in Figure 4.33, operating at 60 Hz, and 
a conductor temperature of 70?C, determine the resistance per phase, inductive re- 
actance in ohms/mile/phase and the current carrying capacity of the overhead line. 
The resistance of each conductor in the four-conductor bundle is 0.12 Q/mi. 


FIGURE 4.33 20" 


FP 
Line configuration for Q © ; 
Problem 4.25 m 20 


4.26 Consider a symmetrical bundle with N subconductors arranged in a circle of radius A. 
The inductance of a single-phase symmetrical bundle-conductor line is given by 
_7,. GMD 
Leax n GMR H/m 
Where GMR is given by [Wr/(A) Y~ 
r’ = (e7!/4y) r being the subconductor radius, and GMD is approximately the 
distance D between the bundle centers. Note that A is related to the subconductor 
spacing S in the bundle circle by S = 2A sin(IT/N) 
Now consider a 965-kV, single-phase, bundle-conductor line with eight subconductors 
per phase, with phase spacing D — 17 m, and the subconductor spacing S — 45.72 cm. 
Each subconductor has a diameter of 4.572 cm. Determine the line inductance in 
H/m. 
4.27 Figure 4.34 shows double-circuit conductors’ relative positions in Segment | of trans- 
position of a completely transposed three-phase overhead transmission line. The in- 
ductance is given by 





GMD 
= zs 
[28-2 wp n GMR IH /m/phase 
FIGURE 4.34 A €6 1 3 € c 
For Problem 4.27 
(Double-circuit 
conductor configuration) 
B @ 2 2 @ p 


C @8 3 1 @ A’ 
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FIGURE 4.35 
For Problem 4.27 


4.28 


FIGURE 4.36 


Configuration for 
Problem 4.28 


Where GMD = (Das, Dac, Daca) ^ 
With mean distances defined by equivalent spacings 


Das, = (DoDo Du Dis)” 
Dc, = (Dz3Do4/Do5D5:) ^ 
Dac, = (DoDo DaDa) 


And GMR = |(GMR) ,(GMR) ,(GMR),]'”° 
with phase GMRs defined by ` 


(GMR); = Dn]; (GMR); = [Da]; (GMR), = [r/D;]? 


and r^ is the GMR of phase conductors. 

Now consider A 345-kV, three-phase, double-circuit line with phase-conductor’s 
GMR of 0.0588 ft, and the horizontal conductor configuration shown in Figure 4.35. 
(a) Determine the inductance per meter per phase in hennies. 

(b) Calculate the inductance of just one circuit and then divide by 2 to obtain the in- 
ductance of the double circuit. | 


Find the relative error involved ` 
A B C A’ B’ Cc 
2 3’ 


eee = en ee ert ode 


For the case of double-circuit, bundle-conductor lines, the same method indicated in 
Problem 4.27 applies with r^ replaced by the bundle's GMR in the calculation of the 
overall GMR. 

Now consider a double-circuit configuration shown in Figure 4.36, which belongs to a 
500-kV, three-phase line with bundle conductors of three subconductors at 21-in. 
spacing. The GMR of each subconductor is given to be 0.0485 ft. 


1,A 3, C' 
© ; e 


2,B 3, C A! 2H 
® 


NOOO i ded 


4.29 


4.30 


4.31 


FIGURE 4.37 


Conductor layout for 
Problem 4.3] 


4.32 


PROBLEMS 221 


Determine the inductive reactance of the lihe tn ohms per mile per phase. You may use 


X; = 0.2794 log GE 


Reconsider Problem 4.28 with an alternate phase placement given below: 


O/mi/phase. 














Physical Position 
pae Pamen | «| s] e| C] € a 


Calculate the inductive reactance of the line in Q/m1/phase. 





Reconsider Problem 4.28 with still another alternate phase placement shown below. 











Physical Position 
metus [ c [4 fa] | [€^ 


Find the inductive reactance of the line in O/mi/phase. 





Figure 4.37 shows the conductor configuration of a three-phase transmission line and 
a telephone line supported on the same towers. The power line carries a balanced cur- 
rent of 250 A/phase at 60 Hz, while the telephone line is directly located below phase 
b. Assume balanced three-phase currents in the power line. Calculate the voltage per 
kilometer induced in the telephone line. 


SECTION 4.9 


Calculate the capacitance-to-neutral in F/m and the admittance-to-neutral in S/km for 
the single-phase line in Problem 4.8. Neglect the effect of the earth plane. 
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4.33 Rework Problem 4.32 if the diameter of each conductor is: (a) increased by 20% to 1.8 
cm, (b) decreased by 20% to 1.2 cm. Compare the results with those of Problem 4.32. 


4.34 Calculate the capacitance-to-neutral in F/m and the admittance-to-neutral in S/km for 
the three-phase line in Problem 4.10. Neglect the effect of the earth plane." ' 


4.35 Rework Problem 4.34 if the phase spacing is: (a) increased by 20% to 4.8 ft, (b) de- 
creased by 207^ to 3.2 ft. Compare the results with those of Problem 4.34. | 


v4 4.36 The line of Problem 4.23 as shown in Figure 4.32 is operating at 60 Hz. Determine (a) 
the line-to-neutral capacitance in nF/km per phase and in nF/mi per phase; (b) the 
capacitive reactance in Q-km per phase and in Q-mi per phase; and (c) the capacitive 
reactance in Q per phase for a line length of 100 mi. 

4.37  (a)In practice, one deals with the capacitive reactance of the line in ohms - mi to neu- 
tral. Show that Eq. (4.9.15) of tbe text can be rewritten as 


D 
Xc =k’.log — ohms - mi to neutral 
" 
=x} Tx, 


Where x, =k’ log D is the capacitive reactance spacing factor, 
TEC 2. 
x, =k’ log zis the capacitive reactance at 1-ft spacing, 


and =k = (4.1 x 105) /f = 0.06833 x 105 at f = 60 Hz. 


(b) Determine the capacitive reactance in Q- mi. for a single-phase lme of Problem 
4.14. If the spacing is doubled, how does the reactance change? 


4,38 The capacitance per phase of a.balanced three-phase overhead line is given by 


0.0389 


= log(GMD/') 


uf /mi/ phase 


For the line of Problem 4.24, determine the capacitive reactance per phase in Q - mi. 
SECTION 4.10 


9 Calculate the capacitance-to-neutral in F/m and the admittance-to-neutral in S/km for 
the three-phase line in Problem 4.18. Also calculate the line-charging current in kA/ 
phase if the line is 100 km in length and 1s operated at 230 kV. Neglect the effect of 
the earth plane. 


..4.40 Rework Problem 4.39 if the phase spacing between adjacent conductors is: (a) in- 
~ creased by 10% to 8.8 m, (b) decreased by 10% to 7.2 m. Compare the results with 
those of Problem 4.39. 


4.41 Calculate the capacitance-to-neutral in F/m and the admittance-to-neutral in S/km for 
the line in Problem 4.20. Also calculate the total reactive power in Mvar/km supplied 
by the line capacitance when it is operated at 500 kV. Neglect the effect of the earth 
plane. 


4.42 Rework Problem 4.41 if the bundled line has: (a) three ACSR, 1351-kcmil conductors 
per phase, (b) three ACSR, 900-kcmil conductors per phase, without changing the 
bundle spacing or the phase spacings between bundle centers. 
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— 443 Three ACSR Drake conductors are used for a three-phase overhead transmission line 


4.44 


operating at 60 Hz. The conductor configuration is in the form of an isosceles triangle 
with sides of 20, 20, and 38 ft. (a) Find the capacitance-to-neutral and capacitive 
reactance-to-neutral for each 1-mile length of line. (b) For a line length of 175 mi and 
a normal operating voltage of 220 kV, determine the capacitive reactance-to-neutra] 
for the entire line length as wel] as the charging current per mile and total three-phase 
reactive power supplied by the line capacitance. 


Consider the line of Problem 4.25. Calculate the capacitive reactance per phase in 
Q - mi. 


SECTION 4.11 


VA 4.45 For an average line height of 10 m, determine the effect of the earth on capacitance 


for the single-phase line in Problem 4.32. Assume a perfectly conducting earth plane. 


(446 A three-phase 60-Hz, 125-km overhead transmission line has flat horizontal spacing 


4.47 


4.48 


FIGURE 4.38 


Three-phase single- 
circuit line configuration 
including ground effect 
for Problem 4.48 


with three identical conductors. The conductors have an outside diameter of 3.28 cm 
with 12 m between adjacent conductors. (a) Determine the capacitive reactance-to- 
neutral in Q-m per phase and the capacitive reactance of the line in Q per phase. Ne- 
glect the effect of the earth plane. (b) Assuming that the conductors are horizontally 
placed 20 m above ground, repeat (a) while taking into account the effect of ground. 
Consider the earth plane to be a perfect conductor. 


For the single-phase line of Problem 4.14 (b), if the height of the conductor above 
ground is 80 ft., determine the line-to-line capacitance in F/m. Neglecting earth effect, 
evaluate the relative error involved. 

If the phase separation is doubled, repeat the calculations. 


The capacitance of a single-circuit, three-phase transposed line, and with configuration 
shown in Figure 4.38 including ground effect, with conductors not equilaterally 
spaced, 1s given by 


B 
2 
Dy Dr 
1 3 
AQ) | ()C 
N T 
Ground 
Hi; i 
f Hs Ha ° 
Ai "o C' 
© 
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27t£0 


Cay Deg. Un F/m Line-to-neutral 
In —— — In —- 


A, 





Where Dey = /D12D23Di3 = GMD. 
r = conductor's outside radius, 
Hm = (HisHzHi) 
and H, = (H HH)". 


(a) Now consider Figure 4.39 in which the configuration of a three-phase, single cir- 
cuit, 345-kV line, with conductors having an outside diameter of 1.065 in., is shown. 
Determine the capacitance to neutral in F/m, including the ground effect. 

(b) Next, neglecting the effect of ground, see how the value changes. 


FIGURE 4.39 


1 2 3 
Configuration for A — 28 1 


Problem 4.48 (a) 


50’ 


Zz Ground LZ 


4.49 The capacitance to neutral, neglecting the ground effect, for the three-pbase, single- 
circuit, bundle-conductor line is given by 


2AE) 
,,(GMD 
7\ GMR 
Where GMD = (DypDaecDuc)'” 
GMR = [rN(A) NV" 


C = F/m Line-to-neutral 


in which N is the number of subconductors of the bundle conductor on a circle of ra- 
dius A, and each subconductor has an outside radius of r, 
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The capacitive reactance in mega-ohms for I mi of line, at 60 Hz, can be shown to be 


GMD . 
Xc — 0.0683 lo (Gu) = X. T x 


Where X, = 0.0683 los c and X; = 0.0683 log(GMD). 


Note that A is related to the bundle spacing S given by 


p a for N>] 


ee: 

2 sm| — 
Using the above information, for the configuration shown in Figure 4.40. compute the 
capacitance to neutral in F/m, and the capacitive reactance in Q -mi to neutral. for 


the three-phase, 765-kV, 60-Hz, single-circuit, bundle-conductor line (N = 4), with 
subconductor’s outside diameter of 1.16 in. and subconductor spacing (S) of 18 in. 


FIGURE 4.40 e oO O e e © 
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SECTION 4.12 


Configuration for 
Problem 4.49 € 











.4.50 Calculate the conductor surface electric field strength in kV. /cm for the single-phase 
line in Problem 4.32 when the line is operating at 20 kV. Also calculate the ground- 
level electric field strength in kV,,;/m directly under one conductor. Assume a line 
height of 10 m. 


ASIO Rework Problem 4.50 if the diameter of each conductor is: (a) increased by 25% to 
1.875 cm. (b) decreased by 25% to 1.125 cm, without changing the phase spacings. 
Compare the results with those of Problem 4.50. 


CASE STUDY QUESTIONS 


a. Why is aluminum today’s choice of metal for conductors versus copper or some other 
metal? How does the use of steel together with aluminum as well as aluminum alloys 
aud composite materials improve conductor performance? 


b. Are overhead transmission lines attractive, nondescript, or unsightly? What techniques 
are used to minimize the environmental impacts of transmission line construction and 
the visual impacts of transmission lines? 


c. Why is it so difficult to get a new transmission line built in the United States? 
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at Goshen Substation, 
Geshen, Idaho, USA rated 
at 395 kV, 965 Mvar 
(Courtesy of PacfiCorp) 
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TRANSMISSION LINES: 
STEADY-STATE OPERATION 


Is this chapter, we analyze the performance of single-phase and balanced 
three-phase transmission lines under normal steady-state operating conditions. 
Expressions for voltage and current at any point along a line are developed, 
where the distributed nature of the series impedance and shunt admittance is 
taken into account. A line is treated here as a two-port network for which the 
ABCD parameters and an equivalent z circuit are derived. Also, approxi- 
mations are given for a medium-length line lumping the shunt admittance, for 
a short line neglecting the shunt admittance, and for a lossless line assuming 
zero Series resistance and shunt conductance. The concepts of surge impedance 
loading and transmission-line wavelength are also presented. 

An important issue discussed in this chapter is voltage regulation. 
Transmission-line voltages are generally high during light load periods and 
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low during heavy load periods. Voltage regulation, defined in Section 5.1, 
refers to the change in line voltage as line loading varies from no-load to full 
load. 

Another important issue discussed here is line loadabilty. Three major 
line-loading limits are: (1) the thermal limit, (2) the voltage-drop limit, and 
(3) the steady-state stability limit. Thermal and voltage-drop limits are dis- 
cussed in Section 5.1. The theoretical steady-state stability limit, discussed in 
Section 5.4 for lossless lines and in Section 5.5 for lossy lines, refers to the 
ability of synchronous machines at the ends of a line to remain in synchro- 


nism. Practical line loadability 1s discussed in Section 5.6. 
In Section 5.7 we discuss line compensation techniques for improving 
voltage regulation and for raising line loadings closer to the thermal limit. 


CASE STUDY 


Electric utilities have used inductors and capacitors on medium-length and long 
transmission lines for many years to provide increased line loadability and to maintain 


transmission voltages near rated values. The following article describes a flexible ac 
transmission systems (FACTS) technology based on power electronics and software-based 
information and control systems to provide dynamic control and compensation of voltage 


and power flow [6]. 





The FACTS on Resolving Transmission 
Gridlock 


GREGORY REED, JOHN PASERBA, AND PETER 
SALAVANTIS | 


The challenges to providing a reliable and efficient 
stream of electricity to residential and commercial 
users in the digital age are great. Regulatory un- 
certainty, cost, and lengthy delays to transmission 
line construction are just a few of the barriers that 
have resulted in the serious deficiency in power 
transmission capacity that currently prevails in many 
regions of the United States. Solving these issues 
requires innovative thinking on the part of all in- 
volved. Increasing numbers of electricity stake- 
holders now recognize that low-enyironmental- 
impact technologies such as flexible ac transmission 
systems (FACTS) and dc links are a proven solution 
to rapidly enhancing reliability and upgrading trans- 


("The FACTS on Resolving Transmission Gridlock" by Gregory 
Reed, John Paserba, and Peter Saiavantis, IEEE Power & 
Energy (Sept/Oct 2003), pg. 41—46.) 


mission capacity on a long-term and cost-effective 
basis. 


A TRANSMISSION SYSTEM IN GRIDLOCK 


While headlines of power shortages, rationing, and 
skyrocketing prices in California and other regions 
of the United States have faded from memory for 
much of the general public, energy professionals 
know that the state of the electrical transmission 
grid remains in crisis. The question is not whether 
but when the next major failure of the grid will oc- 
cur absent government and private sector initiatives 
that enable significant infrastructure improvements 
to ensure reliable and affordable electricity. For the 
debate on electricity reliability and capacity to truly 
advance, however, electricity stakeholders must find 
solutions to the vexing problems of rapidly increas- 


ing demand, inadequate infrastructure, and the crit- 
ical challenge of balancing energy growth with envi- 
ronmental protection. 

Investment in new transmission facilities has de- 
clined steadily for the last 25 years while demand 
will grow by 45% over the next 20 years, according 
to U.S. Department of Energy (DOE) estimates. To 
meet these needs, it is estimated the United States 
must build between 1,300 and 1,900 power plants, 
yet there are no strategic plans to effectively deliver 
thís amount of new generation to end users. As the 
DOE notes: “an antiquated and inadequate trans- 
mission grid prevents us from routing electricity 
over long distances and thereby avoiding regional 
blackouts, such as. California's." ; 

The costs of inaction are great. Recent EPRI 
studies reveal that direct economic losses attributed 
to transmission system stability and reliability de- 
ficiencies resulting in power interruptions and 
inadequate power quality in the United States con- 
servatively exceed US$100 billion per year. Further, 
in order to reestablish adequately stable transmis- 
sion system conditions nationwide, initial invest- 
ments in overall transmission system infrastructure 
upgrades are estimated at up to US$30 billion in the 
western region of the United States alone. It is esti- 
mated that annual expenditures of up to US$3 bil- 
lion or more would then be needed to maintain this 
condition in consideration of continued demand 
growth. Projecting these estimates conservatively 
nationwide yields an initial investment requirement 
in transmission facilities exceeding US$50 billion. 

It is equally well documented that uncertaintv 
about recovery of transmission system investments 
has played a major role in our current situation. 
Utilities and other owners of transmission infra- 
structure have little incentive to invest in new 
transmission assets given the present regulatory 
regime. 

Finally, intense opposition to the construction 
of new power lines is often responsible for the in- 
terminable and often fatal roadblocks to new trans- 
missiom capacity. NIMBY ("not in my backyard") 
challenges to needed transmission capacity amidst 
lacking infrastructure and growing demand round 
out the daunting mission of providing a reliable, ef- 
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ficient, and affordable stream of energy to compla- 
cent residential and industrial users of slectricity. 


AFFECTS OF DEFERRING TRANSMISSION 
INVESTMENT 


It is universally recognized that to keep pace with 
present energy demand and to ensure reliability 
as electricity needs grow, the construction of new 
transmission lines must occur. Such modernization, 
however, presents a plethora of political, economic, 
and environmental tssues that serve to indefinitely 
delay urgently needed upgrades of the U.S. trans- 
mission system, As the Federal Energy Regulatory 
Commission (FERC) notes, “the sluggishness of 
transmission construction is largely because siting 
transmission is a long and contentious process.” 
Indeed, the long-term trend of deferred invest- 
ments in the electrical transmission grid continues 
to cause serious capacity and reliability issues that 
threaten the United State's economic security. 
Consider the case of the proposed Rainbow-Valley 
Transmission Project in Southern California. The 
proposal is for a 500-kV transmission line from 
Southern California Edison's Valley Substation to 
San Diego Gas and Electric's proposed new Rain- 
bow Substation. The interconnect would greatly 
enhance system reliability in the area as well as 
provide 1,000 MW of import capacity into the San 
Diego region, which has had much in-city generation 


‘decommissioned in recent years. The case for the 


project not only entails transmission reliability and 
import capacity but is important for the continued 
economic growth and development of the region. 
Southern California-area businesses, industries, and 
residential customers alike have felt the adverse 
affects of the energy crisis in the region through 
periods of sky-rocketing prices and the potentially 
unstable supply during certain critical contingencies. 
Regardless, various NIMBY, political, and regulatory 
barriers continue to stifle the approval and devel- . 
opment of this much-needed transmission corridor 
to provide electricity supply relief and increased 
reliability in the region. Further, citing absence of 
economic justification of the project, recent rulings 
have stalled all progress. Yet, no other adequate al- 
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ternatives are available. Thus, this needed invest- 
ment continues to be deferred at the expense of 
transmission system reliability and capacity deficits 
in one of the largest economic regions of the coun- 
try. Both system and economic security remain ex- 
posed to risk under this current situation. 


TRANSMISSION GRIDLOCK RESOLVED 


A solution to this stalemate is the availability of 
proven and low-environmental-impact infrastruc- 
ture technologies that are sound alternatives to the 
protracted process of power line construction, 
such as those identified in the DOE’s National 
Transmission Grid Study. Two of these technology 
areas, FACTS and certain configurations of high- 
voltage direct current (HVDC) ‘systems, represent 
long-term solutions to upgrading electrical trans- 
mission infrastructure in situations where power 
line construction is not feasible or attainable on a 
reasonable time basis to accommodate our urgent 
present-day needs. 

Compelling financial and performance case stud- 
ies exist for the wide-scale implementation of ad- 
vanced, low-environmental impact technologies such 
as FACTS and HVDC. HVDC configurations in such 
analysis come in the form of back-to-back (BTB) 
dc links. Although detailed study of each individual 
application is required, these technologies can play 
a key role in alleviating transmission system con- 
straints (i.e, bottlenecks) and provide rapidly im- 
plemented, cost-effective relief to the very serious, 
yet commonly experienced, congestion problems 
that occur throughout the grid. 

FACTS technologies can essentially be defined as 
highly engineered power-electronics-based systems, 
integrating the control and operation of advanced 
power-semiconductor-based converters (or valves) 
with software-based information and control sys- 
tems, which produce a compensated response to 
the transmission network that is interconnected via 
conventional switchgear and transformation equip- 
ment. FACTS technologies provide dynamic control 
and compensation of voltage and power flow and 
can be designed to coordinate the control of other 
transmission compensation devices, such as capaci- 


tors, reactors, and transformer tap changers, in 
order to establish greater overall system operation 
improvements. In effect, FACTS "builds intelligence" 
into the grid by providing this type of enhanced 
system performance, optimization, and control. 

FACTS are available in both "conventional" forms 
Such as static VAR compensators (SVCs) and thyr- 
istor controlled series capacitors (TCSCs), as well as 
in "advanced" forms that are categorized as voltage- 
sourced converter (VSC)-based systems. The main 
VSC-based FACTS configurations are know as static 
reactive compensators (STATCOMs), static series 
synchronous compensators (SSSCs), unified power 
flow controllers (UPFCs), and VSC-BTBs. 

The SVC and STATCOM designs are applied as 
shunt-connected devices providing dynamic reactive 
compensation for voltage control, system stabiliza- 
tion, and power quality improvement. The TCSC 


and SSSC designs provide dynamic real power flow 


control. The UPFC is an advanced configuration that 
combines the simultaneous operation of STATCOM 
and SSSC in one controller to allow increased 
power flow and dynamic voltage control and stabil- 
ity within the same device. The BTB systems are 
implemented to provide dc links for seamless inter- 
connections as well as improved inter-tie reliability 
and control. All of these configurations of FACTS 
solutions allow for increased transmission capacity 
through the elimination of transmission system 
constraints (such as extending transient stability 


. limits, improving power system damping, enhancing 


short-term and long-term voltage stability limits, 
providing loop flow control, etc.). 

Numerous recent applications of FACTS in the 
United States and other parts of North America that 
have addressed localized issues have proven to be 
cost-effective, long-term solutions. Applying FACTS 
on a broad-scale basis for both local and regional 
solutions would result in numerous operational 
advantages. 


FACTS Installation at the San Diego Gas and 
Electric Talega Substation—by Terry Snow 

The FACTS technology recently installed in the 
SDG&E system at the Talega 138-kV substation is 
being applied to relieve transmission system con- 
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One-line diagram representation of Talega +100-MVA, 138-kV STATCOM system (50 MW, 138 kV BTB dc-link or 


UPFC future expansion capability). 


straints in the area through dynamic VAR control 
during peak load conditions. The transmission con- 
straints addressed are related to voltage stability and 
dynamic VAR supply. The FACTS installation is op- 
erating as a STATCOM system and has a rated dy- 
namic reactive capacity of +100 MVA. As shown in 
Figure |, the STATCOM system, as it is now con- 
figured, consists of two groups of voltage-sourced 
converters (50 MVA each). Each 50-MVA converter 
group consists of four sets of 12.5-MVA modules 
plus a 5-MVAR harmonic filter (plus one spare filter 
switchable to either group), with a nominal phase- 
to-phase ac voltage of 3.2 kV and a dc-link voltage 
of 6,000 V. The two 50-MVA VSC groups are con- 
nected to the [38-kV system via two three-phase 
step-up transformers each rated at 55 MVA, 3.2 kV/ 
[38 kV (plus one "hot" spare switchable via the 
motor operated disconnects). Either 50 MVA VSC 
group or both can be connected to each of the 138- 
kV buses. via the various automatically controlled 
motor-operated disconnects. 

The system is also designed for future operation 


as a BTB dc link connecting the Talega East and 
West buses or as a unified power flow controller 
(UPFC). The BTB dc-link system would have a 
power transfer rating of 50 MW and would be able 
to deliver power bidirectionally between the east 
and west buses at Talega. The dc links are physically 
in place for this future option, which would essen- 
tially only require software-based control adjust- 
ments for BTB operation. The potential expansion 
to a UPFC is also facilitated by the in-place dc links. 
Other expansion requirements for UPFC operation 
would be the connection of one group of 50-MVA 
converters to a transformer in series with a line 
emanating from the Talega Substation. The UPFC 
configuration would also require software adjust- 
ments and would allow for the simultaneous control 
of real power flow (MW) and reactive power 
(MVAR) at Talega. This type of "flexibility" in the 
design and operation of FACTS technologies is im- 
perative in its ability to adapt to system topology 
changes or new operational requirements in the 
future, 
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The main power semiconductor devices incor- 
porated in the converter design are 6-in gate com- 
mutated turn-off thyristors (GCTs), rated at 6 kV, 
6 kA. These devices are arranged in each module, 
forming a three-leve! converter circuit, which re- 
duces the harmonic current as compared to a 
two-level design. The contro! of the converter is 
achieved with a five-pulse PWM (pulse width mod- 


ulation), which further decreases the harmonics as . 


compared to three-pulse or one-pulse PWM con- 
trol. Because of these two aforementioned features, 
only the small harmonic filter is required on the ac 
side. As part of the overall reactive compensation 
scheme at the Talega substation, there are also 
three 69-MVAR shunt capacitors that are connected 
directly at the 230-kV system. The STATCOM 
system is able to control the operation of the 
voltage-sourced converters and the three 69- 
MVAR-capacitor banks. It can be remotely operated 
via SDG&E's SCADA system or manually operated 
from the control building. A one-line diagram of the 
Talega FACTS installation is shown in Figure Í. 

Some of the main benefits of this FACTS design 
are as follows: 


* rapid response to system disturbances 
* smooth voltage control over a wide range of 
operating conditions. 





Figure 2 
Photograph of the Talega +100-MVA, 138-kV STATCOM 
(future BTB or UPFC) system. 


* a significant amount of built-in redundancy (i.e., 
any one or more of the 12.5-MVA modules or 
50-MVA groups can be out of service while all 
others remain in operation at their full rated 
capability) 

* automatic reconfiguration to handle certain 
equipment failures (such as a transformer or 
filter) without shutting down the STATCOM 

* expansion capability for future operation as a 
BTB dc link or UPFC system. 


Figure 2 shows the FACTS installation, with var- 
ious equipment and systems identified. 


BENEFITS OF FACTS AND BTB DC-LINK 
TECHNOLOGIES 


When implemented on a broad-scale basis, FACTS 
technologies deliver the following benefits. 


: Rapidly Implemented Installations: FACTS 
projects are installed at existing substations 
and avoid the taking of public or private lands. 
They can be completed in less than 12 to [8 
months—a substantially shorter time-frame 
than the process required for constructing new 
transmission lines. | 
Increased System Capacity: FACTS pro- 
vide increased capacity on the existing elec- 
trical transmission system infrastructure by 
allowing maximum operational efficiency of ex- 
isting transmission lines and other equipment. 
Enhanced System Reliability: FACTS 
strengthen the operational integrity of trans- 
míssion networks, allowing greater voltage sta- 
bility and power flow control, which Jeads to 
enhanced system reliability and security. 
Improved System Controllability: FACTS 
allow improved system controllability by build- 
ing "intelligence" into the transmission network 
via the ability to instantaneously respond to 
system disturbances and gridlock constraints 
and to enable redirection of power flows. 

* Seamless System Interconnections: 
FACTS, in the form of BTB dc-link configu- 
rations, can establish "seamless" interconnec- 
tions within and between regional and local 


* 


networks, allowing controlled power transfer 
and an increase in grid stability. 

Fiscally Sound Investments: FACTS are less 
expensive solutions to upgrading transmission 
system infrastructure as compared to conven- 
tional solutions such as the construction of 
new transmission lines. Strategic implementa- 
tion of FACTS on a nationwide basis could 
reduce transmission system infrastructure ex- 
penditures by an estimated 30% overall. FACTS 
also provide transmission owners greater op- 
portunity to realize profits through more effi- 
cient operation of existing networks. 


* 


A RECENT FACTS APPLICATION IN NORTH 
AMERICA 


A project overview of a recent FACTS installation at 
the San Diego Gas and Electric Company's (SDG&E) 
Talega Substation, which was recently placed online; 
is described in the sidebar. The Talega FACTS proj- 
ect implements the advanced VSC-based technol- 
ogy, which provides superior performance along 
with design and control flexibility. The SDG&E 
FACTS project provides dynamic VAR support and 
control in order to compensate for transmission 
system needs arising from operational conditions 
due to deregulation, and it is the first of several 
other potential FACTS projects that SDG&E may 
complete in the future. The system is currently op- 
erating as a STATCOM, but it is also designed for 
future expansion to either a BTB dc link or a UPFC, 


FACTS AND RENEWABLE ENERGY SOURCES 


In addition to transmission applications and the 
benefits offered by FACTS for gridlock resolution 
and improved system operations, these technologies 
are also extremely beneficial when implemented for 
the interconnection of certain renewable energy 
sources to the grid, and they also have tremendous 
worth for industrial applications. 

In the case of renewable energies, FACTS are 
especially advantageous when applied for wind gen- 
erator interconnections. An increasing percentage 
of the United State’s total generation supply is being 
produced from wind farm developments. However, 
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wind generation, although beneficial in many aspects 
such as it pertains to economics, renewable sources 
of energy, and the environment, does not universally 
provide a steady and continuous interconnection to 
the electric power transmission grid. 

Due to the nature of the source of wind power, 
a continuous and steady supply from a wind gener- 
ation unit or wind farm is difficult to achieve. As 
such, the inherently unsteady nature of this type of 
generation source requires measures of stability and 
control on the interconnecting power transmission 
system. [n addition, due to issues associated with 
voltage control, as well as both real power (MW) 
and reactive power (MVAR) dispatching, measures 
must be established for power system operators ín 
order to adjust to wind generation output as base 
load, peak load, or other dispatching critería. 

As wind farms become a larger part of the cotal 
generation base and as the penetration levels in- 
crease, issues related to integration such as tran- 
sients, stability, and voltage control are becoming 
increasingly important. tn addition, due to the sto- 
chastic nature of wind, the integration of such re- 
newable sources of generation into the transmission 
system is significantly different than conventional 
types of generation. 

For wind generation applications, FACTS can be 
implemented for voltage control in the form of the 
shunt-connected SVC or STATCOM configurations. 
In addition to voltage support and control, there 
are also benefits that can be realized for allowing 
generating units to increase real power output by 
relieving che reactive power requirements through 
the application of these ‘dynamic compensation 
technologies. 

Even more advantageous, perhaps, is the applica- 
tion of the BTB dc link form of FACTS for wind 
interconnections. Such applications provide a seam- 
less interconnection to the transmission system, al- 
lowing power flow control and at the same time 
providing the voltage control and stability required. 
in addition, wind generation facilities that are inter- 
connected to the grid through dc links do not con- 
tribute to increased short circuit capacity on the 
transmission system, allowing for greater flexibility 
in the size and output range of wind generation, 
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while allowing maximum real power output from 
the generating units, 

By implementing FACTS technologies in coordi- 
nation with wind generation applications (and other 
renewable applications), a reliable, steady, and se- 
cure interconnection to the power transmission grid 
is ensured. Jn addition, maximum output of wind 
capacity and efficient operation of wind generating 
units are realized through interconnection with 
FACTS controllers. 


ADVANCING FACTS THROUGH ENERGY 
POLICY INITIATIVES 


As indicated by the application areas described 
above, FACTS can provide significant enhancements 
to overall transmission system performance and at 
the same time are environmentally friendly and cost- 
effective solutions. 

Government policies can assist in providing the 
vision and incentive for stakeholders to reap the 
significant benefit of lower-profile technologies such 
as FACTS that frequently compete for acceptance in 
a marketplace dominated by a traditional but prob- 
lematic solution (i.e., power transmission lines). 

Congress, the Department of Energy, and the 
Federal Energy Regulatory Commission have begun 
to recognize the solutions that low-environmental- 
impact technologies like FACTS afford in providing 
for rapid and reliable upgrades to transmission 
infrastructure. FERC has proposed incentives for 
utilities that invest in (currently undefined) “tech- 
nologies that can be installed relatively quickly,” by- 
pass the “long siting process for procurement of 
new rights-of-way, and may be “environmentally 
benign.” The proposed policy is presently struc- 
tured such that these incentives apply to utilities 
that join a regional transmission organization (RTO). 

Energy legislation approved by the U.S. House 
of Representatives includes a provision that directs 
FERC to undertake a rulemaking to encourage the 
deployment of economically efficient transmission 
technologies that increase the capacity and efftciency 
of existing transmission facilities. And in its National 
Transmission Grid Study, the DOE cites FACTS 
systems as a technology that jncreases electricity 


flows through existing transmission corridors with- 
out having to construct new transmission lines. 

In light of the significant advantages that FACTS 
and certain HVDC technologies can provide for en- 
hancement of transmission grid reliability, capacity, 
and control, regulatory policy should be structured 
to establish an environment with incentives for 
implementing FACTS and HVDC solutions. Such 
policy should put into place similar regulation and 
incentives that have previously been established for 
generator interconnections. FACTS technologies 
are indeed "generators" of reactive power (VARs) 
as applied on transmission networks, and BTB dc 
links are "controllers" of real power (megawatts). 

Establishing policy that brings incentives toward a 
“merchant plant" approach for these technologies, 
with appropriate value given to VARs and control- 
lable megawatts, would spawn the wide-scale appli- 
cations that are critical to the future of transmission 
grid reliability. As such, regulatory policy should 
consider the following key points: 


* Accelerated depreciation for investments in 
technologies that are, from a public policy and 
technical perspective, clear alternatives to the 
protracted process of power line constructiori. 
Increased rate of return on investment. The 
rate of return for transmission investment 
should be commensurate with the value to the 
system of having adequate transmission capac- 
ity. Compared to the costs of outages, conges- 
tion, and lack of access to low-cost electricity, 
the cost of this upgrade is minimal. 
Consistency between the regulations and in- 
centives that have been established for genera- 
tor intertonnections with respect to var and 
megawatt value. 


* 


CONCLUSIONS 


Over the past several years, FACTS and BTB dc-link 
applications have increased significantly as compared 
to the previous decade. There are now numerous 
FACTS applications, including recent installations in 
California and Texas, as well as in the New England 
region of the United States and in some areas of 
Canada. As more electricity stakeholders recognize 
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the technical and public policy advantages that these 
technologies confer, additional applications will 
emerge. Advancements in the state of the art of 
FACTS technologies will continue and will further 
advance the case for breaking transmission gridlock 
with these innovative and proven systems. 


ACKNOWLEDGMENTS 


The authors would like to thank Terry Snow of 
San Diego Gas and Electric for his significant con- 
tributions to the Talega FACTS project and for his 
support on the article sidebar. Snow is manager of 


substation engineering and design at SDG&E and - 


project manager for the Talega FACTS installation. 


BIOGRAPHIES 


Gregory Reed is vice president of T&D marketing 
and technology development at Mitsubishi Electric 
Power Products, Inc., located in Warrendale, Penn- 
sylvania. His areas of expertise are in applications of 
power electronics technologies (including FACTS, 
HVDC, and custom power), information and con- 
trol system technologies, and power system en- 
gineering and analysis. Dr. Reed received his Ph.D. 


in electric power engineering from the University of 


Pittsburgh in May 1997 and joined Mitsubishi Elec- 
tric Power Products, Inc. (MEPPI) in June 1997. He 
received his B.S. in electrical engineering from Gan- 
non. University in 1985 and his M. Eng. in electric 
power engineering from Rensselaer Polytechnic In- 
stitute in 1986. Dr. Reed has been a Member of the 
IEEE Power Engineering Society since 1985 and is 
a contributing member to various committees and 
working groups related to FACTS and HVDC tech- 


5.1 


nologies. He is also an active participant in various 
government and industry forums related to energy 
policy and transmission technologies. Dr. Reed has 
authored or coauthored over 25 published papers 
and technical articles in the areas of electric power 
system analysis and the applications of power elec- 
tronics technologies. 

John Paserba earned his B.EE. (1987) from 
Gannon University, Erie, Pennsylvania, and his M.E. 
(1988) from RPI, Troy, New York. He joined Mit- 
subishi Electric Power Products Inc. (MEPPI) in [998 
after working in GE's Power Systems Energy Con- 
sulting Department for over ten years. He is the 
secretary for the IEEE PES Power System Dynamic 
Performance Committee and was the chairman for 
the IEEE PES Power System Stability Subcommittee 
and the convenor of CIGRE Task Force 38.01.07 on 
Control of Power System Oscillations and is a con- 
tributing member to various committees and work- 
ing groups related to FACTS and power system dy- 
namic performance. He is also a member of the 
Editorial Board of the IEEE Power & Energy Magazine 
and was a member of the Editorial Board for JEEE 
Transactions on Power Systems. He is a Fellow (2003) 
of IEEE. 

Peter Salavantis joined Mitsubishi Electric 
and Electronics, USA, in 1995 and is currently vice 
president for public affairs. Prior to joining the 
company, Salavantis consulted on public policy ini- 
tiatives for multinational corporations involving 
international trade, finance, energy, telecommuni- 
cations, and transportation issues. Salavantis has 
served in legislative and political campaígn capacities 
in Vermont, Florida, and Washington, DC. He is a 
graduate of St. Michael's College. 


MEDIUM AND SHORT LINE APPROXIMATIONS 


In this section, we present short and medium-length transmission-line approxi- 
mations as a means of introducing ABCD parameters. Some readers may 
prefer to start in Section 5.2, which presents the exact transmission-line 
equations. 
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FIGURE 5.1 


Representation of two- Two-port 


twor 
pottihot Work network 





It is convenient to represent a transmission line by the two-port net- 
work shown in Figure 5.1, where Vs and /s are the sending-end voltage and 
current, and Vp and Jp are the receiving-end voltage and current. 

The relation between the sending-end and receiving-end quantities can 
be written as 





(5.1.1) 


l-—CVg-c Di A (5.1.2) 


(5.1.3) 





where A, B, C, and D are parameters that depend on the transmission-line 
constants R, L, C, and G. The ABCD parameters are, in general, complex. 
numbers. A and D are dimensionless. B has units of ohms, and C has units of 
siemens. Network theory texts (5] show that 4BCD parameters apply to lin- 
ear, passive, bilateral two-port networks, with the following general relation: 

AD-—BC=1 | | (5.1.4) 

The circuit in Figure 5.2 represents a short transmission line, usually 
applied to overhead 60-Hz lines less than 80 km long. Only-the series resis- 
. tance and reactance are included. The shunt admittance is neglected. The cir- 
cuit applies to either single-phase or completely transposed three-phase lines 
operating under balanced conditions. For a completely transposed three- 
phase line, Z is the series impedance, Vs and Vg are positive-sequence line- 
to-neutral voltages, and 7s and Jp are positive-sequence line currents. 

To avoid confusion between total series impedance and series imped- 
ance per unit length, we use the following notation: 


z —-R-joL €/m, series impedance per unit length 
y=G+j@C S/m, shunt admittance per unit length 


FIGURE 5.2 DO M CAR SOL 
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Z — zl CQ, total series impedance 
Y — yl S, total shunt admittance 
l = line length m 


Recall that shunt conductance G is usually neglected for overhead transmis- 
sion. 





The ABCD parameters for the short line in Figure 5.2 are easily ob- 
tained Loy OE a KVL and KCL equation as 

















i-o (5.1.5) 
=h (5.1.6) 
or, in matrix format, 
Vc IIZ|| VR 
Is 0| 14 | Z | 
Comparing (5.1.7) and (5.1.3), the 4BCD parameters for a short line are 
A=D=1 perunt (5.1.8) 
B-Z Q | (5.1.9) 
NS nedium-length lines, typically ranging from 80 to 250 km at 60 Hz, 
«v 7 it is common to hin the total shunt capacitance and Ton half at each end 
VS of the line. Such a circuit, called à nominal z circuit, 1s shown in Figure 5.3. 
To obtain the ABCD parameters of the nominal z circuit, note first that 


, : m VRY N 
the current in the series branch in Figure 5.3 equals Jp + + Then, wnting 
a KVL equation, 


2 


VRY 
aud Va Z( +t) 


(5.1.11) 





(5.1.12) 





FIGURE 5.3 " Z - x 
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Using (5.1.11) in (5.1.12), 


VRY YZ n 
Is =R ++ (1+) Vat ZR 


YZ | 
= rà(14 5) Vg + CEOL (5.1.13) 


Writing (5.1.11) and (5.1.13) in matrix format, 





Vs 
= (5.1.14) 
Is 
Thus, comparing (5.1.14) and (5.1.3) 
A=D= M per unit (5.1.15) 
B=Z Q (5.1.16) 
C= r( zz S CST) 


Note that for both the short and medium-length lines, the relation AD — 
BC = | is verified. Note also that since the line is the same when viewed from 
either end, A = D. 

Figure 5.4 gives the ABCD parameters for some common networks, in- 
cluding a series impedance network that approximates a short line and a z 
circuit that approximates a medium-length line. A medium-length line could 
also be approximated by the T circuit shown in Figure 5.4, lumping half of 
the series impedance at each end of the line. Also given are the ABCD pa- 
rameters for networks in ‘series, which are conveniently obtained by multi- 
plying the ABCD matrices of the individual networks. 

ABCD parameters can be used to describe the variation of line voltage 
with line loading. Voltage regulation is the change in voltage at the receiving 
end of the line when the load varies from no-load to a specified full load at 
a specified power factor, while the sending-end voltage is held constant. Ex- 
pressed in percent of full-load voltage, 


(5.1.18) 





where percent VR is the percent voltage regulation, | Vpn | is the magnitude 
of the no-load receiving-end voltage, and |Vgryz| is the magnitude of the full- 
load receiving-end voltage. 
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Circuit ABCD Matrix 





Series impedance 


Ís ls | 
* | | P | 0 
Y | 


Shunt admittance 





ls ZA Z la 
+ + 0 + ¥Z) | (A + Z + YZZ) 
Vs Y Ve 
" | pO — Y (1 + YZ) 
T circuit 


(1 X2 Z 





==, (Y, * Y t ¥,¥%Z7} | (1+ Yiz 
[I circuit 


ls ip 
to -+ o t A, | B, A; | 8; (AiÀ5 + B,C) | (A,B, + B,D) 
Vs A,B, C,D, ll A; B; C D, Va pE 
cun = _— GiBi || | Od, (C,A; + DC) | (C,B, + D,D,) 


Series networks 


FIGURE 5.4 ABCD parameters of common networks 
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The effect of load power factor on voltage regulation is illustrated by 
the phasor diagrams m Figure 5.5 for short lines. The phasor diagrams are 
graphical representations of (5.1.5) for lagging and leading power factor 
loads. Note that, from (5.1.5) at no-load, Jpn, = 0 and Vs = Vawr for a 
short line. As shown, the higher (worse) voltage regulation occurs for the 
lagging p.f. load, where Vrni exceeds Vary by the larger amount. A smaller 
or even negative voltage regulation occurs for the leading p.f. load. In gen- 
eral, the no-load voltage is, from (5.1.1), with Jeni = 0, 


V. 
VRNL = 4 (5.1.19) 


which can be used in (5.1.18) to determine voltage regulation. 

In practice, transmission-line voltages decrease when heavily loaded 
and increase when lightly loaded. When voltages on EHV lines are main- 
tained within +5% of rated voltage, corresponding to about 10% voltage 


regulation, unusual operating problems are not encountered. Ten percent 


voltage regulation for lower voltage lines including transformer-voltage drops 
is also considered good operating practice. 

In addition to voltage regulation, line loadability is an unportant issue. 
Three major line-loading limits are: (1) the thermal limit, (2) the voltage-drop 
limit, and (3) the steady-state stability limit. 

The maximum temperature of a conductor determines its thermal limit. 
Conductor temperature affects the conductor sag between towers and the loss 
of conductor tensile strength due to annealing. If the temperature is too high, 
prescribed conductor-to-ground clearances may not be met, or the elastic 
lumit of the conductor may be exceeded such that 1t cannot shrink to its orig- 
inal length when cooled. Conductor temperature depends on the current 
magnitude and its time duration, as well as on ambient temperature, wind 
velocity, and conductor surface conditions. Appendix Tables A.3 and A.4 
give approximate current-carrying capacities of copper and ACSR con- 
ductors. The loadability of short transmission lines (less than 80 km in length 
for 60-Hz overhead lines) is usually determined by the conductor thermal 
limit or by ratings of line terminal equipment such as circuit breakers. 

For longer line lengths (up to 300 km), line loadability is often deter- 
mined by the voltage-drop limit. Although more severe voltage drops may be 
tolerated in some cases, a heavily loaded line with Vg /Vs z 0.95 is usually 
considered safe operating practice. For line lengths over 300 km, steady-state 
stability becomes a limiting factor. Stability, discussed in Section 5.4, refers to 
the ability of synchronous machines on either end of a line to remain in syn- 
chronism. 


ABCD parameters and the nominal z circuit: medium-length line 


A three-phase, 60-Hz, completely transposed 345-kV, 200-km line has two 
795,000-cmil 26/2 ACSR conductors per bundle and the following positive- 
sequence line constants: 
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z = 0.0324 j0.35 O/km 
ys j42x 10° S/km 


Full load at the receiving end of the line is 700 MW at 0.99 p.f. leading and 
at 95%» of rated voltage. Assuming a medium-length line. determine the fol- 
lowing: 


a. ABCD parameters of the nominal z circuit 
b. Sending-end voltage Vs. current /s. and real power Ps 
c. Percent voltage regulation 


d. Thermal limit, based on the approximate current-carrying capacity 
listed in Table A.4 


e. Transmission-Ime efficiency at full load 


SOLUTION 
a. The total series impedance and shunt admittance values are 


Z = zl = (0.032 + j0.35)(200) = 6.4 + J70 = 70.29/84.78° Q 
Y = yl = (j4.2 x 107~®)(200) = 84x10 */90* S 
From (5.1.15)—(5.1.17), 
A=D=1+(84 x 107*/907)(70.29/84.78?) (4) 
= } + 0.02952/174.78° 
= 0.9706 + /0.00269 = 0.9706/0.159° per unit 
B = Z =70.29/84.78° Q 
C = (8.4 x 1077/90°)(1 + 0.01476/174.78°) 
= (8.4 x 107*/90*)(0.9853 + j0.00134) 


= 8.277 x 107*/90.08° S 
b. The receiving-end voltage and current quantities are 
Vr = (0.95)(345) = 327.8 kVt 
327.8 ra ROD priv 


Vg = —— /0° = 189.2/0° kV "niic. 
R v3 /0° k LN | t " {95 


f£ A 

Ja 
700/cos~! 0.99 LS 

Ip = ——-— Z .1246/81l k 

*' (V8)(0.95 x 345)(0.99) 


From (5.1.1) and (5.1.2), the sending-end quantities are 
Vs = (0.9706/0.159°)(189.2/0°) + (70.29/84.78°)(1,.246/8.11°) 


= 183.6/0.159° + 87.55/92.89° 
= 179.2 + j87.95 = 199.6/26.14° kViw 
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5.2 


Vs = 199.6V3 = 345.8 kVyy, = 1.00 per unit 


Is = (8.277 x 1074/90.08°) (189.2/0°) + (0.9706/0.159°) (1.246/8.11°) 


= 0.1566/90.08° + 1.209/8.27° 
= 1,196 + j0.331 = 1.241/15.5° kA 


and the real power delivered to the sending end is 


Ps = (V3)(345.8)(1.241) cos(26.14° — 15.5°) 


= 730.5 MW 
c. From (5.1.19), the no-load receiving-end voltage is 
Vs 345.8 
VRNL = A 7909706 > 356.3 kViy 
and, from (5.1.18), 
356.3 — 327.8 o 
percent VR — — 398 ” 100 = 8.7% 


d. From Table A.4, the approximate current-carrying capacity of two 
795,000-cmil 26/2 ACSR conductors is 2 x 010 = 1.8 kA. 


e. The full-load: line losses are Ps — Pp = 730.5 — 700 = 30.5 MW and the 
full-load transmission efficiency is 


percent EFF — FR x 100 = 100 x 100 = 95.8% 


Ps 730.5 
Since Vs = 1.00 per unit, the full-load receiving-end voltage of 0.95 per 
unit corresponds to Vg /Vs = 0.95, considered in practice to be about the 
lowest operating voltage possible without encountering operating prob- 
' lems. Thus, for this 345-kV 200-km uncompensated line, voltage drop 
limits the full-load current to 1.246 kA at 0.99 p.f. leading, well below 
the thermal limit of 1.8 kA. | 





TRANSMISSION-LINE DIFFERENTIAL EQUATIONS 


The line constants R, L, and C are derived in Chapter. 4 as per-length values 
having units of O/m, H/m, and F/m. They are not lumped, but rather are 
uniformly distributed along the length of the line. In order to account for the 
distributed nature of transmission-line constants, consider the circuit shown 
in Figure 5.6, which represents a line section of length Ax. V(x) and I(x) de- 
note the voltage and current at position x, which is measured in meters from 
the right, or receiving end of the line. Similarly, V(x + Ax) and J(x + Ax) 
denote the voltage and current at position (x + Ax). The circuit constants are 


SECTION 5.2 TRANSMISSION-LINE DIFFERENTIAL EQUATIONS 243 


FIGURE 5.6 Kx + Ax) "^ ZAX Kx) 











Transmission-line + 
section of length Ax Vix + Ax) 


(x + Ax) ~—— X 
z=R+joL Q/m (5.2.1) 
y=G+joC S/m . (5.2.2) 


where G 1s usually neglected for overhead 60-Hz lines. Writing a KVL equa- 
tion for the circuit 


V(x + Ax) = V(x) + (zAxM(x) volts (5.2.3). 
Rearranging (5.2.3), 
V(x + Ax) — V(x) 





= zf 5.2.4 
= (x) (5.2.4) 
and taking the limit as Ax approaches zero, 
© WV 
o = zI(x) (5.2.5) 
Similarly, writing a KCL equation for the circuit, 
I(x + Ax) 2 I(x) + (yhàx)V(x-- Ax) A | (5.2.6) 
Rearranging, | 
I(x + Ax) — I(x) 
AON = pV 2. 
Ax pV (x) (5.2.7) 
and taking the limit as Ax approaches zero, 
dI (x) 
aM") = yy 5.2.8 
g IV) (5.2.8) 


Equations (5.2.5) and (5.2.8) are two linear, first-order, homogeneous differ- 
ential equations with two unknowns, V(x) and J(x). We can eliminate (x) 
by differentiating (5.2.5) and using (5.2.8) as follows: 


d? V(x) dI (x) 








do 4g. zyV (x) (5.2.9) 
Or 
2 
d Zo — zyV(x) 20 (5.2.10) 


Equation (5.2.10) is a linear, second-order, homogeneous differential equa- 
tion with one unknown, V(x). By inspection, its solution is 
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V(x) = Ate? + Ase ^ volts (5.2.11) 
where A, and 4» are integration constants and 


(5.2.12) 









jon constant. By inserting 








(5.2.11 and ( 5.2.12) into ( 2.10), lution to the di Terential equation can 
be verified. 
Next, using (5.2.11) in (5.2.5), 
dV(x " " 
d = yAje™ — yAse ?* = =I (x) (5.2.13) 
Solving for 7 (x), 
Ae” — Ase ^ 
I(x) = —————— 5.2.14 
(x) 2 (5.2.14) 
Using (5.2.12), z/y = z/ zy = v/2/y, (5.2.14) becomes 
I(x) = ira (5.2.15) 
Zo 


(5.2.16) 





Ze, Whose units are Q, is called the characteristic impedance. 

Next, the integration constants Æ; and 4» are evaluated from the 
boundary conditions. At x = 0, the receiving end of the line, the receiving- 
end voltage and current are 


Vg = V(0) (5.2.17) 
ik=) (5.2.18) 
Also, at x = 0, (5.2.11) and (5.2.15) become 
Vg =A) + A? (5.2.19) 
A, — A» 
| Ed ME 2 
R Z (5.2.20) 


Solving for A; and 4», 


Vg + Zi 
dec (5.2.21) 
_ VR — ZelR 
i 2 


Substituting A; and Az into (5.2.11) and (5.2.15), 


Ay (5.2.22) 
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V, : . VR — Ze a 
V(x) = REM e" + FR — ZR e 7 (5.2.23) 
2 2 2 
Vn + Zclg x Ve -~Zele\ .. 
= | SS | ees fi MM gn 5.2.24 
i 2Z. )e ums Jj purae) 
Rearranging (5.2.23) and (5.2.24), 
yx m YX _ atx 
v(x) = (3) rn + z (55 n (5.2.25) 
I fe" eT em tem 
I(x) = — | ————__ |V ——À --— PA 
(x) zí j ) a+ ( A Js (5.2.26) 
Recognizing the hyperbolic functions cosh and sinh, 
[5.223 
(5.2.28) 





Equations (5.2.27) and (5.2.28) give the ABCD parameters of the dis- 
tributed line. In matrix format, 
VR 
IR 


| _ E: B(x) 
A(x) = D(x) = cosh(yx) per unit 


I(x) C(x) | D(x) 
B(x) = Z. sinh(yx) Q 








where 


C(x) = = sinh(yx) S 


Equation (5.2.29) gives the current and voltage at any point x along the 
line in terms. of the receiving-end voltage and current. At the sending end, 
, Where x = 71, V(I) = Vs and 7(I) = Js. That is, 














Vs A|B|| Vp 
= (5.2.33) 
Is C|D Ig 
where 
A = D = cosh(yl) per unit (5.2.34) 
B=Z, sinh(y/) Q (5.2.35) 


C= > sinh(y/) S (5.2.36) 
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TABLE 5.1 


Summary: Transmission- 
line ABCD parameters 


Equations (5.2.34)-(5.2.36) give the ABCD parameters of the distri- 
buted line. In these equations, the propagation constant y is a complex quan- 
tity with real and imaginary parts denoted « and f. That 1s, 


yzcudjf m^! [5:2:37) 
The quantity y/ is dimensionless. Also 
e?! = ltl 81) - e tl o P! = e? (i) (5.2.38) 


Using (5.2.38) the hyperbolic functions cosh and sinh can be evaluated 
as follows: 


e?! + e^ 


cosh(»/) — Mu — > (el + e" /-pl) Aag) 


and 


e? — e^ 


/ 
EE ale" Bl- e /- B) (8.2.40) 


sinh(y/) = = 


Alternatively, the following identities can be used: 
cosh(a/ + jl) = cosh(a/) cos( BJ) + j sinh(a/) sin( 7) 
sinh(a/ + jN = sinh(a/) cos( fI) + j cosh(a/) sin( I) 





Note that in (5.2.39)-(5.2.42), the dimensionless quantity £? is in radians, not 
degrees. 

The ABCD parameters given by (5.2.34)-(5.2.36) are exact parameters 
valid for any line length. For accurate calculations, these equations must be 
used for overhead 60-Hz lines longer than 250 km. The ABCD parameters 
derived in Section 5.] are approximate parameters that are more conve- 
niently used for hand calculations involving short and medium-length lines. 
Table 5.1 summarizes the ABCD parameters for short, medium, long, and 
lossless (see Section 5.4) lines. 


Parameter |» A=D B s 
Units per Unit Q S 
Short line (less than 80 km) [ Z 0 
. ; YZ 
Medium Jine—nominal x l+ EE £ Y (i + z) 
circuit (80 to 250 km) Y'z 
Long line—equivalent z cosh(y/) = 1 + = Z, sinh(y/) = Z'  (1/Z.) sinh(y/) 
circuit (more than 250 km) : ru 
= Y'| 1+—— 
4 
Lossless line (R = G = 0) cos( B/) jZ. sin( BC) j sin( £2) 


Ze 
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Exact ABCD parameters: long line 


A three-phase 765-kV, 60-Hz, 300-km, completely transposed line has the 
following positive-sequence impedance and admittance: 


z = 0.0165 + j0.3306 = 0.3310/87.14° O/km 
y = J4.674 x 107° S/km 


Assuming positive-sequence operation, calculate the exact ABCD parameters 
of the line. Compare the exact B parameter with that of the nominal x circuit. 


SOLUTION From (5.2.12) and (5.2.16): 


0.3310/87.14? 
4.674 x 10-6/90° 


= 266.1/-1.43° Q 


= 4/7.082 x 104*/—2.86° 86° 


and 


(0.3310/87.14°)(4.674 x 10-6/90°) x (300) 


= 4/1.547 x 10-6/177.14° x (300) 


= 0.3731/88.57^ = 0.00931 + 70.3730 per unit 
From (5.2.38), 
e?! = g000931 44/0.3730 — 1 0094/0.3730 radians 
= 0.9400 + j0.3678 
and | 
eg?! = 9 000931,7/039 — 0.9907/.—0.3730 radians 
= 0.9226 — j0.3610 
Then, from (5.2.39) and (5.2.40), 
(0.9400 + 70.3678) + (0.9226 — j0.3610) 


| cosh(y/) = 5 
= 0.9313 + j0.0034 = 0.9313/0.209° 
. 9400 + 70.3678) — (0.9226 — j0.3610 
n= (0.9400 + 70.3678) — (0.9226 — 70.3610) 


2 
= 0.0087 + j0.3644 = 0.3645/88.63° 


Finally, from (5.2.34)-(5.2.36), 
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5.3 


FIGURE 5.7 


Transmission-line 
equivalent z circuit 


A = D = cosh(yl) = 0.9313/0.209* per unit 
B = (266.1/—1.43°)(0.3645/88.63°) = 97.0/87.2° Q. 


0.3645/88.63° K 
= a = |.37 x 10 /90.06° 5 
E 266.1/ —1.43* EU 


Using (5.1.16), the B parameter for the nominal z circuit is 


Baomina a = Z = (0.3310/87.147)(300) = 99.3/87.14" Q 
which is 2% larger than the exact value. i 


EQU IVALENT z CIRCUIT 


Many computer programs used in power system analysis and design assume 
circuit representations of components such as transmission lines and trans- 
formers (see the power-flow program described in Chapter 6 as an example). 
It is therefore convenient to represent the terminal characteristics of a trans- - 
mission line by an equivalent circuit instead of its ABCD parameters. 

The circuit shown in Figure 5.7 is called an equivalent n circuit. It is 
identical in structure to the nominal z circuit of Figure 5:3, except that Z’ 
and Y' are used instead of Z and Y. Our objective is to determine Z’ and Y’ 
such that the equivalent z circuit has the same ABCD parameters as those.of 
the distributed line, (5.2.34)-(5.2.36;. The ABCD parameters of the equiva- 
lent z circuit, which has the same structure as the nominal z, are 


(5.3.1) 


(5.3.2) 





Z' = Z, sinh(ye)= ZA, = 29098 
Y  tanhO7/2) Y, — Ytanh(7/2) 
2" & 2*' 2' 022) 
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(5.3.3) 





where we have replaced Z and Y in (5.1.15)-(5.1.17) with Z’ and Y’ in 
(5.3.1)- (5.3.3). Equating (5.3.2) to (5.2.35), 


Z’ = Z, sinh(y/) = V5 sinh(y/) (5.3.4) 


Rewriting (5.3.4) in terms of the nominal z circuit impedance Z = zl, 





Z' =z2l 











z sinh(y/) Lg sinh(y/) 
y al | zl 
where 
(5.3.6) 
Similarly, equating (5.3.1) to (5.2.34), 
l+ <= = cosh(/) 
.4 Y’ cosh(y/) - 1 
oe ir do ENG M 
_ -— yN — cosh(jl) — 1 
E T —|——————3, (5.3.7 
Using (5.3.4) and the identity tanh ( 7 sinh(yl) ^ (5.3 ) becomes | 
.Y' cosh(y)-1 — tanh(y]/2)  tanh(j//2) (5.3.8) 
2. Z,sho)  -.Z z ~ 
y 


Rewnting (5.3.8) in terms of the nominal z circuit admittance Y = yl, 


Y' _ yl [ tanh(yl/2)] _ yl ae 


2 2 z yl I. 
y2 


JS 
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EXAMPLE 5.3 Equivalent z circuit: long line 


5.4 


Compare the equivalent and nominal z circuits for the line in Example 5.2. 


SOLUTION For the nominal z circuit, 
Z = zl = (0.3310/87.14°)(300) = 99.3/87.14? Q 


Y yl (j4.674 x 10-6 
oS 2 


From (5.3.6) and (5.3.10), the correction factors are 


) (300) = 7.011 x 1074/90° S 


Fi = i ee ES = 0.9769/0.06° per unit 
F = tanh(y//2) i cosh(y/) — | 
yif? (1/2) sinh(yI) 
a 0.9313 + j0.0034 — 1 
(= 


cL /s8.57°) (0.3645/88.63*) 


—0.0687 + j0.0034 


—. 0.06800/177.20° 


0.06878/177.17° | 
XU mESE PUE EE IMEEM IUE M LM IE DEN 0 o , t 
0 06800/177.20° ^ 0124003? ‘per uni 


Then, from (5.3.5) and (5.3.9), for the equivalent z circuit, 


Z’ = (99.3/87.14°)(0.9769/0.06°) = 97.0/87.2° Q 


y? 
> = (7.011 x 107*/907)(1.012/—0.03*) = 7.095 x 10~4/89.97° S 
=3.7x 1077 + j7.095x 10-* S 


Comparing these nominal and equivalent z circuit values, Z’ is about 
2% smaller than Z, and Y /2 is about 1% larger than Y/2. Although the cir- 
cuit values are approximately the same for this line, the equivalent z circuit 
should be used for accurate calculations involving long lines. Note the small 


shunt conductance, G' — 3.7 x 1077 S, introduced in the equivalent 7 circuit. 
G’ is often neglected. 


LOSSLESS LINES 


In this section, we discuss the following concepts for lossless lines: surge im- 
pedance, ABCD parameters, equivalent z circuit, wavelength, surge imped- 


ance loading, voltage profiles, and steady-state stability limit. 
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When line losses are neglected, simpler expressions for the line param- 
eters are obtained and the above concepts are more easily understood. Since 
transmission and distribution lines for power transfer generally are designed 
to have low losses, the equations and concepts developed here can be used for 
quick and reasonably accurate hand calculations leading to seat-of-the-pants 
analyses and to initial designs. Moré accurate calculations can then be made 
with computer programs for follow-up analysis and design. 


SURGE IMPEDANCE 


For a lossless line, R = G = 0, and 
z= joL, Q/m (5.4.1) 
= joC S/m | (5.4.2) 
From a 2.12) and (5.2.16 


) 
ze fom Ee a (0 (643) 


and 

y = Zy = y eL) (jac) = jovLC- jf m` (5.4.4) 
where 

fB—-ovVLC m! (5.4.5) 


The characteristic impedance Z, = y L/C, commonly called surge impedance 
for a lossless line, is pure real—that 1s, resistive. The propagation constant 


y = jf is pure imaginary. 
ABCD PARAMETERS 


The-A4BCD parameters are, from (5.2.30)-(5.2.32), 
A(x) = D(x) = cosh(yx) = cosh(jfx) 





JjBx -jx 
= —— = cos(fx) per unit (5.4.6) 
eib — ex , 
sinh(yx) = sinh(jfix) = =- e jsin(fx) per unit (5.4.7) 
"NE n "NE 
B(x) = Z, sinh(yx) = jZ, sin(Bx) = aft sin(Bx) Q (5.4.8) 
sinh(yx) j sin( Bx) 
Cx) = = ————._ § 5.4.9 
() 97 7 (54.9) 
C 


A(x) and D(x) are pure real; B(x) and C(x) are pure imaginary. 


252 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION 


A comparison of lossless versus lossy ABCD parameters is shown in 
Table 5.1. 


EQUIVALENT x CIRCUIT 


For the equivalent 7 circuit, using (5.3.4), 





Z eJjZ.sn(eJjxX © | (5.4.10) 
or, from (5.3.5) and (5.3.6), 
} sin( fi) yl 
2 = Jorn ( 31 = fx Q (5.4.11) 


Also, from (5.3.9) and (5.3.10), 
Y' ¥ tanh(jfl/2) Y sinh( 91/2) 
272 j£» ~ 2 GRIP) cosh(fI]2) 
_ (25) jsm(Bl/2) — — eo tan( 1/2) 
( 


jBl/2) cos(Bl/2) X 2 ) fin 


ocd | 

-— (2) S (5.4.12) 
2 

Z’ and Y' are both pure imaginary. Also, for $l less than z radians, Z’ is 

pure inductive and Y’ is pure capacitive. Thus the equivalent z circuit for a 

lossless line, shown in Figure 5.8, is also lossless. 


WAVELENGTH 







GU kg poe rt M E ae i es dO - Ls M ema 
F ] Pm PX 7A 073x340 ~~ T. a 
required to chan g e the phase Oo BE OI 
E ww] eX 008 Oh ERE E m S d L. CE 


| ^. For a lossless line, using (5.2.29), 
V(x) = A(x) Vp + B(x)n 
= cos( fix) Vn + jZ. sin(fix)Ig (5.4.13) 


FIGURE 5.8 | Z n 


————— à —(q a e Y S l 
Equivalent z circuit for 4 i i 
a lossless line (JZ less Y' y! 
than z) Vs = Vs /6 ik "T V, = Va [Q* 
Z = (iate)( SEF) = jx o 


Y (EF) 4/2) .,JoC7 S 
27 (87/2) 2. 
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and 
I(x) = C(x) Vn + D(x)JR 
— eo Ve + cos( Bx)In (5.4.14) 
From (5.4.13) and (5.4.14), V(x) and J(x) change phase by 2z radians when 
x = 2n/p. Denoting wavelength by 4, and using (5.4.5), 


TL E EE RET (5.4.15) 


Ê wVLC fVLC 





Typical power-line lengths. are only a small fraction of the above 60-Hz 
wavelength. 


SURGE IMPEDANCE LOADING 







oad resistance equal to the surg x /L/C Eire s. 9 s a 

lossless line terminated by a resistance Ea R to its surge impedance. This line 

. represents either a single-phase line or one phase-to-neutral of a balanced 
three-phase line. At SIL, from (5.4.13), 


V(x) = cos(x) Vg + jZ. sin(Bx)In 






= cos( fix) Vg + J Ze sin( Bx) (2) 


= (cos fix + j sin fix) Vn 
—eF V} volts (5.4.17) 
|V(x) 2|Fa] volts | (5.4.18) - 


FIGURE 5.9 k Ta 


Lossless line terminated 
by its surge impedance 
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TABLE 5.2 


Surge impedance and 


SIL values for typical | 


60-Hz overhead lines 
(1, 2] 


V rated Ze = JL/C SIL= Vez: 
(kV) (9) (MW) 
69. 366-400 > 12-13 

138 . 366-405 47-52 
230 365-395 134-145 
345 280—366 325-425 
500 233-294 850-1075 


765. 254—266 2200-2300 


Thus, at SIL, the voltage profile is flat. That is, the voltage magnitude at any 
point x along a lossless line at SIL 1s constant. 
Also from (5.4.14) at SIL, 


Tx) a Vg + cn pe 


VW 
= (cos fix + j sin fix) zm 


Vn 


= (eB) A (5.4.19) 


C 


Using (5.4.17) and (5.4.19), the complex power flowing at any point x along 
the line is 


S(x) = P(x) + jQ(x) = V(x)" (x) 
eJBx A) 


C 





= (e^) 


2 
[Kri (5.4.20) 






S V 9 AGI OD, 


from (5.4.20), 





(5.4.21) 





where rated voltage is used for a single-phase line and rated line-to-line volt- 
age is used for the total real power delivered by a three-phase line. Table 5.2 
lists surge impedance and SIL values for typical overhead 60-Hz three-phase 
lines. 





In practice, power lines are not terminated by their surge impedance. Instead, 
loadings can vary from a small fraction of SIL during light load conditions 
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Ven, = V</cos( fe) 





VarL 
Vasc = O 
x=f x = 0 


Sending end Receiving end 


up to multiples of SIL, depending on line length and line compensation, dur- 
ing heavy load conditions. If a line 1s not terminated by its surge impedance, 
then the voltage profile 1s not flat. Figure 5.10 shows voltage profiles of lines 
with a fixed sending-end voltage magnitude Vs for line lengths / up to a 
quarter wavelength. This figure shows four loading conditions: (1) no-load, 
(2) SIL, (3) short circuit, and (4) full load, which are described as follows: 


no load, IrNL = 0 and (5.4.13) yields 
VNL(x) = (cos fBx)VnwNL (5.4.22). 


The no-load voltage increases from Vs = (cos f/])Vgwr at the send- 
ing end to Vanz at the receiving end (where x = 0). 








2. From (5.4.18), the voltage profile at S; 





Vsc(x) = (Z. sin fix)Insc (5.4.23) 


The voltage decreases from Vs = (sin flI)(Z.Insc) at the sending end 
to Vgsc = 0 at the receiving end. 





ye full-load voltage profile, which depends on the specification of 
full load current, lies above the short-circuit voltage profile. 


Figure 5.10 summarizes these results, showing a high receiving-end 
voltage at no-load and a low receiving-end voltage at full load. This voltage 
regulation problem becomes more severe as the line length increases. In Sec- 
tion 5.6, we discuss shunt compensation methods to reduce voltage fluctua- 
tions, 


256 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION 


FIGURE 5.11 


Real power delivered by: 


a lossless line versus 
voltage angle across the 
line 





The equivalent z circuit of Figure 5.8 can be used to obtain an equation for 
the real power delivered by a lossless line. Assume that the voltage magni- 
tudes Vs and Vg at the ends of the line are held constant. Also, let 6 denote 
the voltage-phase ansia at the Sending end with respect to the receiving end. 
From KVL, the receiving-end current Jp 1 





Vs—Vp Y! 
r= zz a 


— Vse? —Vg — jaC'l 
j 7) 











and the complex power 5 
Vse/ — Vg jac’! 
Sg = Valg = v (S8) t7 Va 
Vse w VR j wCi 
= Ve (et) c 
TVrVs cos ô + Vg Vs sin ô — INe joCl_, 
aA tt i n “2 VR 








VRV 
P = Ps = Pr = Re(Sz) = ——3 





sinô W (5426). 
Note that since the line is lossless, Ps = Pr. 

Equation (5.4.26) is plotted in Figure 5.11. For fixed voltage magni- 
tudes Vs and Vg, the phase angle ô increases from 0 to 90° as the real power 


delivered increases. The maximum power that the line can deliver, which oc- 
curs when ó — 90^, 1s given by 





VsV 
Pimax = XT W (5.4.27) 
Real power P 
_ VsVa 
P wa = X' 


90° 


FIGURE 5.12 


Transmission-line 
loadability curve for 60- 
Hz overhead lines—no 
series or shunt 
compensation 
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Pmax represents the theoretical steady-state stability limit of a lossless line. If 
an attempt were made to exceed this steady-state stability limit, then syn- 
chronous machines at the sending end would lose synchronism with those at 
the receiving end. Stability is av ae discussed in Chapter 13. 

It is convenient to express the steady-state stability limit in terms of 
SIL. Using (5.4.10) in (5.4.26), 


VsVg sind (VsVm sin ó 
P= 7 sin Bl 2 pre i 
sin| — 
À 
Expressing Vs and Vg in per-unit of rated line voltage, 
" ( Vs ( VR ) Cae) sin ó 
V rated V raied Ze (=) 
sin {| — 
A 
sin ó 
= Vs.pu. VR.p.u.(SIL) sn) (5.4.29) 
sim | —— 
A 
And for 6 = 90°, the theoretical steady-state stability limit is 
Vau. VE su (Se 
S.p.u. Y Rp. ( ) W (5.4.30) 


Pins = nl 
^ SID GE 
A 


Equations (5.4.27)-(5.4.30) reveal two important factors affecting the 
steady-state stability limit. First, from (5.4.27), it increases with the square of 
the line voltage. For example, a doubling of line voltage enables a fourfold 
increase in maximum power flow. Second, it decréases with line length. 
Equation (5.4.30) is plotted in Figure 5.12 for Vs, = Vg gu, = 1, A = 5000 
km, and line lengths up to 1100 km. As shown, the theoretical steady-state 
stability limit decreases from 4(SIL) for a 200-km line to about 2(SIL) for a 
400-km line. 


Loadability in per-unit of SIL 





100 300 500 700 9300 1100 
Line length (km) 
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EXAMPLE 5.4 Theoretical steady-state stability limit: long line 


Neglecting line losses, find the theoretical steady-state stability limit for the 
300-km line in Example 5.2. Assume a 266.1-Q surge impedance, a 5000-km 
wavelength, and Vs — Vg — 765 kV. 


SOLUTION From (5.4.21), 


| (765)? | 
SIL = 55 —2199 MW 


From (5.4.30) with / = 300 km and A = 5000 km, 


. (902199) 


Prax = E : 0) = (2.716)(2199) = 5974 MW 


Di 5000 












LOPawereiohi sumlalor LNF FA SCOPE, ATE, — Status: Running (FF) Cave Esmiple S. 4b - | Cave: U^ lnverSarmaziütsDhapterSi xampls, 4.pwhb Display: Exam) | 
Ele gaton Case Infcrmation Ones Options Jods POF Wd (be Test Stuff 
EO BiB SB tak BP! of PB eene nore | sore rode | toy il snga sim nation B 0 305 77: B 


2199 MW 765.0 kV 765.0 kV 


O Mvar 
Reactive Power Losses: -0.1 Mvar 


Gu y 1, 
OD Angle Difference: 







-21.4 Deq | 
21 "- 


TTC 

fu 

H 
ag & # n d& 


Kais 





Screen for Example 5.4 
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- Alternatively, from Figure 5.12, for a.300-km line, the theoretical steady-state 


stability limit is (2.72)SIL = (2.72)(2199) = 5980 MW, about the same as the 
above result. 

Open PowerWorld Simulator case Example 5. 4 and select Simulation, 
Solve and Animate to see an animated view of this example. When the load 
on a line is equal to the SIL, the voltage profile across the line is flat and 
the line’s net reactive power losses are zero. For loads above the SIL, the 
line consumes reactive power and the load's voltage magnitude is below the 
sending-end value, Conversely, for loads below the SIL, the line actually gen- 
erates reactive power and the load's voltage magnitude is above the sending- 
end value. Use the load arrow button to vary the load to see the changes in 
the receiving-end voltage and the line's reactive power consumption. E 


MAXIMUM POWER FLOW 


Maximum power flow, discussed in Section 5.4 for lossless lines, is derived 
here in terms of the ABCD parameters for lossy lines. The following notation 
is used: 


A = cosh(yl) = A/04 
B=Z'=Z'/oz 
Vs = Vs/6 Vg = Vg/0* 


Solving (5.2.33) for the receiving-end current, 


= Vs —A VR N Vse = AVrel@a 


Bo Wok — Dos 


IR 
The complex power delivered to the receiving end is 


VseJ 6-92) — AVg eA -02) | 


Sg = Pg ct jOg = Vaga = Vg Z 


VE Ve ~ AV? . 
= S Sei — TR ella) 5.5.2) 


The real and reactive power delivered to the receiving end are thus 
Vn Vs AV? 
7 cos(#z — 6) — 7 

2 


y V 
Qr = Im(Sg) = RS sin(ðz — 6) — ua sin(£z — ða) (5.5.4) 








Pr = Re(Sp) = cos(0z = DA) (5.5.3) 
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Note that for a lossless line, 64 = 0°, B= Z' = jX’, Z' = X', 67 = 90°, and 
(5.5.3) reduces to 


2 


Vg Vs AV 
Pg = x cos(90 — à) — xc cos(90°) 


VgVs . 
= YT sin ô | (5.5.9) 


which ts the same as (5.4.26). 
The theoretical maximum real power delivered (or steady-state stability 
limit) occurs when ô = 07 in (5.5.3): 











VaVs AVR 


PRI = 7 = 7 cos(0z = On) (5.5.6) 


The second term in (5.5.6), and the fact that Z’ is larger than X’, reduce 
Prmax to a value Somewhat less than that given by (5.4.27) for a lossless line. 


EXAMPLE 5.5 Theoretical maximum power delivered: long line 


Determine the theoretical maximum power, in MW and in per-unit of SIL, 
that the line in Example 5.2 can deliver. Assume Vs = Vg = 765 kV. 


SOLUTION From pisse a2 
A = 0.9313 per unit; Q4 = 0.209° 
B = Z’ z970 Q; 0z = 87.2? 
Z= 266.1 Q 

From (5.5.6) with Vs = Vg = 765 kV, 


E (765) (0.9313)(765)" 
Rmax — 97 UT NOR CC 
= 6033 — 295 = 5738 MW, 


cos(87.2° — 0.209°) 


From (5.4.20), 


X065) .. 
SIL 266.1 — 2199 MW 
Thus 
5738 


This value is about 4% less than that found in Example 5.4, where losses were 
neglected. B E 


5.6 


EXAMPLE 5.6 
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LINE LOADABILITY 


In practice, power lines are not operated to deliver their theoretical maximum 
power, which is based on rated terminal voltages and an angular displace- 
ment ô= 90° across the line. Figure 5.12 shows a practical line loadability 
curve plotted below the theoretical steady-state stability limit. This curve is 
based on the voltage-drop limit Vg /Vs > 0.95 and on a maximum angular 
displacement of 30 to 35? across the line (or about 45? across the line and 
equivalent system reactances), in order to maintain stability during transient 
disturbances [1, 3]. The curve is valid for typical overhead 60-Hz lines with 
no compensation. Note that for short lines less than 80 km long, loadability 
is limited by the thermal rating of the conductors or by terminal equipment 
ratings, not by voltage drop or stability considerations. In Section 5.7, we in- 
vestigate series and shunt compensation techniques to increase the loadability 
of longer lines toward their thermal limit. 


Practical line loadability and percent voltage regulation: long line 


The 300-km uncompensated line in Example 5.2 has four 1,272,000-cmil 54/3 
ACSR conductors per bundle. The sending-end voltage is held constant at 1.0 
per-unit of rated line voltage. Determine the following: 


a. The practical line Joadability (Assume an approximate receiving-end 
voltage Vp = 0.95 per unit and 6 = 35° maximum angle across the 
line.) | 


b. The full-load current at 0.986 p.f. leading based on the above practi- 
cal line loadability 

c. The exact receiving-end voltage for the full-load current found in 
part (b) 

d, Percent voltage regulation for the above full-load current 


e. Thermal limit of the line, based on the approximate current-carrying 
capacity given in Table A.4 


SOLUTION | 
a. From (5.5.3), with Vs = 765, Vg = 0.95 x 765 kV, and ô = 35°, using the 
values of Z’, 0z, A, and 04 from Example 5.5, 
- (765)(0.95 x 765) 
i 97.0 
— (0.9313)(0.95 x 765)’ 
97.0 
= 3513 — 266 = 3247 MW 


Pg cos(87.2^ — 35°) 


cos(87.2* — 0.209?) 
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Pg = 3247 MW is the practical line loadability, provided the thermal and 
voltage-drop limits are not exceeded. Alternatively, from Figure 5.12 for a 
300-km line, the practical line loadability is (1.49)SIL = (1.49)(2199) = 
3277 MW, about the same as the above result. 


b. For the above loading at 0.986 p.f. leading and at 0.95 x 765 kV, the full- 
load receiving-end current is 


atas ny m  — -—36]6 LÀ 


IRFL = v3Va(p..) | (V3)(0.95 x 765)(0.986) 


c. From (5.1.1) with Jppy = 2.616/cos^! 0.986 = 2.616/9.599° kA, using the 
` A and B parameters from Example 5.2, 


Vs = AVnrL  BInrr 
UB = (0.9313/0.208") (Vu. /0*) + (97.0/87.2°)(2.616/9.599") 
441.7/5 = (0.9313Vper — 30.04) + (0.0034Vn pL + 251.97) 
Taking the squared magnitude of the above equation, 
(441.7)? = 0.8673V2., — 54.24VRFL + 64,391 


Solving, 
Vert = 420.7 kVin 
= 420.7V3 = 728.7 kV = 0.953 per unit 
d. From (5.1.19), the receiving-end no-load voltage is 


Vs 765 


VRNL = — = a = 821.4 
NL yis pag PEL EYE 
And from (5.1.18), 
21.4 — 728.7 . 
percent VR = Soke plete x 100 = 12.72% 


728.7 


e. From Table A.4, the approximate current-carrying capacity of four 
1,272,000-cmil 54/3 ACSR conductors is 4 x 1.2 = 4.8 kA. 


Since the voltages Vs = 1.0 and Vggr = 0.953 per unit satisfy the voltage- 
drop limit Vg /Vs = 0.95, the factor that limits line loadability is steady-state 
stability for this 300-km uncompensated line. The full-load current of 2.616 
kA corresponding to loadability is also well below the thermal limit of 4.8 
kA. The 12.7% voltage regulation is too high because the no-load voltage is 
too high. Compensation techniques to reduce no-load voltages are discussed 
in Section 5.7. E 


EXAMPLE 5.7 


SECTION 5.6 LINE LOADABILITY 263 


Selection of transmission line voltage and number of lines for 
power transfer 


From a hydroelectric power plant 9000 MW are to be transmitted to a load 
center located 500 km from the plant. Based on practical line loadability cri- 
teria, determine the number of three-phase, 60-Hz lines required to transmit 
this power, with one line out of service, for the following cases: (a) 345-kV 
lines with Z, = 297 Q; (b) 500-kV lines with Z. = 277 Q; (c) 765-kV lines 
with-Z, = 266 O. Assume Vs = 1.0 per unit, Vp = 0.95 per unit, and ô = 35°. 
Also assume that the lines are uncompensated and widely separated such that 
there is negligible mutual coupling between them. 


SOLUTION 

a. For 345-kV lines, (5.4.21) yields 
jae 345)" 
SIL = nag 401 MW 


Neglecting losses, from (5.4.29), with / = 500 km and 6 = 35°, 
(1.0)(0.95)(401) sin(35°) 


. (2n x 500 
19 ( 5000 ) 
Alternatively, the practical line loadability curve in Figure 5.12 can be 
used to obtain P = (0.93)SIL for typical 500-km overhead 60-Hz uncom- 
pensated lines. 

In order to transmit 9000 MW with one line out of service, 


| 9000 MW 
3:345-kV lines = 372 MW/line 


P= = (401)(0.927) = 372 MW/line 


+1= 24241726 


b. For 500-kV lines, 
(500)? 
277 
P = (903)(0.927) = 837 MW /line 


SIL — = 903 MW 





#500-kV lines = ue +1=108+1212 





837 
c. For 765-kV lines, 
X963). - ! 
SIL = 266 = 2200 MW 


P = (2200)(0.927) = 2039 MW/line 
| 9000 
#765-KV lines = 5-1 444 126 


Increasing the line voltage from 345 to 765 kV, a factor of 2.2, reduces the 
required number of lines from 26 to 6, a factor of 4.3. Li 
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EXAMPLE 5.8 


FIGURE 5.13 


Transmission-line 
configuration for 
Example 5.8 


Effect of intermediate substations on number of lines required for 
power transfer 


Can five instead of six 765-kV lines transmit the required power in Example 
5.7 1f there are two intermediate substations that divide each line into three 
167-km line sections, and if only one line section is out of service? 


SOLUTION The lines are shown in Figure 5.13. For simplicity, we neglect 
line losses. The equivalent z circuit of one 500-km, 765-kV line has a series 
reactance, from (5.4.10) and (5.4.15), 
2n x 500 
‘= (266) sin | ———— } = 156.35 Q 
X = (266) sin( 5000 ) 

Combining series/paralle] reactances in Figure 5.13, the equivalent reactance 
of five lines with one line section out of service is 


1 ae ar, n | 
Xa — 5x’) ae o9 = 0.2167X' 233.88 Q 


Then, from (5.4.26) with ô = 35°, 


|. (765)(765 x 0.95) sin(35?) 


33.88 = 9412 MW 


P 


Inclusion of line losses would reduce the above value by 3 or 4% to about 


9100 MW. Therefore, the answer is yes. Five 765-kV, 500-km uncompensated 
lines with two intermediate substations and with one line section out of ser- 
vice will transmit 9000 MW. Intermediate substations are often economical if 
their costs do not outweigh the reduction in line costs. 

This example is modeled in PowerWorld Simulator case Example 5_8. 
Each line segment is represented with the lossless line model from Example 
5.4 with the z circuit parameters modified to exactly match those for a 167 
km distributed line. The pie charts on each line segment show the percentage 
loading of the line, assuming a rating of 3500 MVA. The solid red squares on 
the lines represent closed circuit breakers, and the green squares correspond 


H- 167 km-- 187 oves ez amie 


Line section out Intermediate 
substations 
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to open circuit breakers. Clicking on a circuit breaker toggles its status. The 
simulation results differ slightly from the simplified analysis done earlier in 
the example because the simulation includes the charging capacitance of the 
transmission lines. With all line segments in-service, use the load’s arrow to 
verify that the SIL for this system is 11,000 MW, five times that of the single 
circuit line in Example 5.4. 
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5.7 


REACTIVE COMPENSATION TECHNIQUES 


Inductors and capacitors are used on medium-length and long transmission 
lines to increase line loadability and to maintain voltages near rated values. 
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FIGURE 5.14 


Compensated 
transmission-line section 


Shunt reactors (inductors) are commonly installed at selected points along 
EHV lines from each phase to neutral. The inductors absorb reactive power 
and reduce overvoltages during light load conditions. They also reduce transient 
overvoltages due to switching and lightning surges. However, shunt reactors 
can reduce line loadability if they are not removed under full-load conditions. 

In addition to shunt reactors, shunt capacitors are sometimes used to 
deliver reactive power and increase transmission voltages during heavy load 
conditions. Another type of shunt compensation includes thyristor-switched 
reactors in parallel with capacitors. These devices, called static var compensa- 
tors, can absorb reactive power during light loads and deliver reactive power 
during heavy loads. Through automatic control of the thyristor switches, 
voltage fluctuations are minimized and line loadability is increased. Synchro- 
nous condensors (synchronous motors with no mechanical load) can also 
control their reactive power output, although more slowly than static var 
compensators. 

Series capacitors are sometimes used on long lines to increase line load- 
ability. Capacitor banks are installed in series with each phase conductor at 
selected points along a line. Their effect is to reduce the net series impedance 
of the line in series with the capacitor banks, thereby reducing line-voltage 
drops and increasing the steady-state stability limit. A disadvantage of series 
capacitor banks is that automatic protection devices must be installed to by- 
pass high currents during faults and to reinsert the capacitor banks after fault 
clearing. Also, the addition of series capacitors can. excite low-frequency os- 
cillations, a phenomenon called subsynchronous resonance, which may dam- 
age turbine-generator shafts. Studies have shown, however, that series capaci- 
tive compensation can increase the loadability of long lines at only a fraction 
of the cost of new transmission [1]. 

Figure 5.14 shows a schematic and an equivalent circuit for a compen- 
sated line section, where Nc is the amount of series capacitive compensation 


Series compensation 


N 
e—a 


-——— Shunt compensation———- 







(a) Schematic 





(D) Equivalent circuit 
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expressed in percent of the positive-sequence line impedance and Nj is the 


. amount of shunt reactive compensation in percent of the positive-sequence 


line admittance. It is assumed in Figure 5.14 that half of the compensation is 
installed at each end of the line section. The following two examples illustrate 
the effect of compensation. : 


Shunt reactive compensation to improve transmission-line voltage 
regulation 


Identical shunt reactors (inductors) are connected from each phase conductor 
to neutral at both ends of the 300-km line in Example 5.2 during light load 
conditions, providing 75% compensation. The reactors are removed during 
heavy. load conditions. Full load is 1.90 kA at unity p.f. and at 730 kV. As- 
suming that the sending-end voltage 1s constant, determine the following: 


a. Percent voltage regulation of the uncompensated line 


b. The equivalent shunt admittance and series impedance of the com- 
pensated line 


c. Percent voltage regulation of the compensated line 


SOLUTION 
a, From (5.1.1) with Jer, = 1.9/0° kA, using the 4 and B parameters from 
Example 5.2, 


Vs = A VrFL + Bing 


= (0.9313/0.209°) (= Lo") + (97.0/87.2°)(1.9/0°) 
= 392.5/0.209° + 184.3/87.2° 


= 401.5 + 185.5 
= 442.3/24.8° kViw 
Vs = 442.3V3 = 766.0 kViy 


The no-load receiving-end voltage is, from (5.1.19), 


766.0 
— 10" 8226 kV 
VRNL 0.9313 822.6 kVir 


and the percent voltage regulation for the uncompensated line is, from 
(5.1.18), 


percent VR = TS x 100 = 12.68% 


b. From Example 5.3, the shunt admittance of the equivalent z circuit with- 
out compensation ts 
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EXAMPLE 5.10 


Y' = 2(3.7 x 1077 + j7.094 x 107^) 
—74x107 4j14.188 x 10^ S 
With 753%% shunt compensation, the equivalent shunt admittance ts 
Yeg = 7.4 x 1077 + j14.188 x 10 ^(1 — B) 
= 3.547 x 107^/89.88* S 


Since there is no series compensation, the equivalent series impedance is 
the same as without compensation: 


Zeq = Z’ =97.0/87.22 Q 


. The equivalent A parameter for the compensated line is 


Yaz 
Agee 


_ py B47 x 10~*/89.88°)(97.0/87.2°) 
=) OO 


= I +0.0172/177.1° 
= 0.9828/0.05° per unit 
Then, from (5.1.19), 


766 
0.9828 


Since the shunt reactors are removed during heavy load conditions, 
Veet = 730 kV is the same as without compensation. Therefore 


Vent = = 779.4 KVIL 


719.4 — 730 A 
percent VR = EN ES 100 = 6.77% 
The use of shunt reactors at light loads improves the voltage regulation 
from 12.68% to 6.77% for this line. Ej 


Series capacitive compensation to increase transmission-line 
loadability 


Identical sertes capacitors are installed in each phase at both ends of the line 
in Example 5.2, providing 30% compensation. Determine the theoretical 
maximum power that this compensated line can deliver and compare with 
that of the uncompensated line. Assume Vs — Vg — 765 kV. 


SOLUTION From Example 5.3, the equivalent series reactance without com- 
pensation 1s 


X’ = 97.0 sin 87.2° = 96.88 Q 
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Based on 30% series compensation, half at each end of the line, the imped- 
ance of each series capacitor 1s 


Zap = —/Xcap = —(3)(0.30)(96.88) = -j14.53 Q 


From Figure 5.4, the ABCD matrix of this series impedance 1s 


bleaa 
0 ] 


As also shown in Figure 5.4, the equivalent ABCD matrix of networks 
in series 1s obtained by multiplying the ABCD matrices of the individual net- 
works. For this example there are three networks: the series capacitors at the 
sending end, the line, and the series capacitors at the receiving end. Therefore 
the equivalent ABCD matnx of the compensated line 1s, using the ABCD pa- 
rameters, from Example 5.2, 
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PROBLEMS 


1 | -/14.53][ 0.9313/0.209° 97.0/87.2° |[1]| —j14.53 
0 1.37 x 1073/90.06° | 0.9313/0.209° || 0 1 


After performing these matrix multiplications, we obtain 








Aea | Bea 0.9512/0.205° | 69.70/86.02° 
Ca | Deg} | 1.37 x 10-3/90.06° | 0.9512/0.205° 
. Therefore 


Aeq = 0.9512. perunit — Opeq = 0.205" 
Beq = Zeg = 69.70 Q 74-8602 
From (5.5.6) with Vs = Vg = 765 kV, 


" _ (765) — (0.9512)(765)? 
Rmax 69:70 69.70 


= 8396 — 583 = 7813 MW 


which 1s 36.2% larger than the value of 5738 MW found in Example 5.5 
without compensation. We note that the practical line loadability of this 
series compensated line is also about 35% larger than the value of 3247 MW 
found in Example 5.6 without compensation. 

This example 1s modeled in PowerWorld Simulator case Example 
5 10. When opened, both of the series capacitors are bypassed (1.e., they are 
modeled as short circuits) meaning this case is initially identical to the Exam- 
ple 5.4 case. Click on the blue “Bypassed” field to place each of the series 
capacitors into the circuit. This decreases the angle across the line, resulting 
in more net power transfer. E 


cos(86.02° — 0.205°) 





SECTION 5.1 


5 A 30-km, 34.5-kV, 60-Hz three-phase line bas a positive-sequence series impedance 


/ 


z = 0.19 + j0.34 Q/km. The load at the receiving end absorbs 10 MVA at 33 kV. As- 
suming a short line, calculate: (a) the ABCD parameters, (b) the sending-end voltage 
for a load power factor of 0.9 lagging, (c) the sending-end voltage for a load power 
factor of 0.9 leading. : 


A 150-km, 230-kV, 60-Hz three-phase line has a positive-sequence series impedance 


z = 0.08 + j0.48 Q/km and a positive-sequence shunt admittance y = j3.33 x 1075 S/ 
km. At full load, the line delivers 250 MW at 0.99 p.f. lagging and at 220 kV. Using 


the nominal z circuit, calculate: (a) the ABCD parameters, (b) the sending-end voltage 


and current, and (c) the percent voltage regulation., 


- 5,33 Rework Problem 5.2 in per-unit using 100-MVA (three-phase) and 230-kV (line-to- 


line) base values. Calculate: (a) the per-unit ABCD parameters, (b) the per-unit 
sending-end voltage and current, and (c) the percent voltage regulation, 


5.4 
5.5 
5.6 


FIGURE 5.15 


Nominal T-circuit for 
Problem 5.6 


5.7 


5.8 


5.9 


- 


Í a 
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Derive the ABCD parameters for the two networks 1n series, as shown in Figure 5.4. 
Derive the ABCD parameters for the T circuit shown in Figure 5.4. 


(a) Consider a medium-length transmission line represented by a nominal z circuit 
shown in Figure 5.3 of the text. Draw a phasor diagram for lagging power-factor 
condition at the load (receiving end). 


(b) Now consider a nominal 7-circuit of the medium-length transmission line shown 
in Figure 5.15. 


(2) Draw the corresponding phasor diagram for lagging power-factor load 
condition 


(ii) Determine the 4BCD parameters in terms of Y and Z, for the nominal 7- 
circuit and for the nominal z-circuit of part (a). 


k Zi | Ze a 
E Om AA AO AA NC VÀ À(QO + 
RI2 jx "J| R2 XJ 


V, Ve Y Va 





The per-phase impedance.of a short three—phase transmission line is 0.5/53.15°Q. 
The three-phase load at the receiving end is 900 kW at 0.8 PF lagging. If the line-to- 
line sending-end voltage is 3.3 kV, determine (a) the receiving-end line-to-line voltage 
in kV, and (b) the line current. 

Draw the phasor diagram with the line current /, as reference. 


Reconsider Problem 5.7 and find the following: (a) sending-end power factor, (b) 
sending-end three-phase power, and (c) the three-phase line loss. 


The 100-km, 230-kV, 60-Hz three-phase line 1n Problems 4.18 and 4.39 delivers 300 
MVA at 218 kV to the receiving end at full load. Using the nominal z circuit, calcu- 
late the: (a) ABCD parameters, sending-end voltage, and percent voltage regulation 
when the receiving-end power factor is (b) 0.9 lagging, (c) unity, and (d) 0.9 leading. 
Assume a 50°C conductor temperature to determine the resistance of this line. 


The 500-kV, 60-Hz three-phase line in Problems 4.20 and 4.41 has a 180-km length 
and delivers 1600 MW at 475 kV and at 0.95 power factor leading to the receiving end 
at full load. Using the nominal z circuit, calculate the: (a) ABCD parameters, (b) 
sending-end voltage and current, (c) sending-end power and power factor, (d) full-load 
line losses and efficiency, and (e) percent voltage regulation. Assume a 50°C conduc- 
tor temperature to determine the resistance of this line. 


A 40-km, 220-kV, 60-Hz three-phase overhead transmission line has a per-phase resis- 
tance of 0,15 O/km, a per-phase inductance of 1.3263 mH/km, and negligible shunt 
capacitance. Using the short line model, find the sending-end voltage, voltage regula- 
tion, sending-end power, and transmission line efficiency when the line is supplying a : 
three-phase load of: (a) 381 MVA at 0.8 power factor lagging and at 220 kV, (b) 381 


MVA at 0.8 power factor leading and at 220 kV. AC 
Vc Wh 3v 
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5.12 


5.13 
5.14 


5.15 


5.19 


5.20 


A 60-Hz, 100-mile, three-phase overhead transmission line, constructed of ACSR 
conductors, has a series impedance of (0.1826 + j0.784) O/mi per phase and a shunt 
capacitive reactance-to-neutral of 185.5 x 103/—90° O-mi per phase. Using the nomi- 
nal x circuit for a medium-length transmission line, (a) determine the total series im- 
pedance and shunt admittance of the line. (b) Compute the voltage, the current, and 
the real and reactive power at the sending end if the load at the receiving end draws 
200 MVA at unity power factor and at a line-to-lme voltage of 230 kV. (c) Find the 
percent voltage regulation of the line. 


SECTION 5.2 


Evaluate cosh(y/) and tanh(y//2) for yl = 0.45/87° per unit. 


A 500-km, 500-kV, 60-Hz uncompensated three-phase line has a positive-sequence 
series impedance z = 0.03 + 70.35 O/km and a positive-sequence shunt admittance 
y = 4A x 1075 S/km. Calculate: (a) Z., (b) (y/), and (c) the exact ABCD parameters 
for this line. 


At full load the line in Problem 5.14 delivers 1000 MW at unity power factor and at 
480 kV. Calculate: (a) the sending-end voltage, (b) the sending-end current, (c) the 
sending-end power factor, (d) the full-load line losses, and (e) the percent voltage reg- 
ulation. 


The 500-kV, 60-Hz three-phase line in Problems 4.20 and 4.4! has a 300-km length. 
Calculate: (a) Z., (b) (y/), and (c) the exact ABCD parameters for this line. Assume a 
50°C conductor temperature. 


At full load, the line in Problem 5.16 delivers 1500 MVA at 480 kV to the receiving- 
end load. Calculate the sending-end voltage and percent voltage regulation when the 
receiving-end power factor is (a) 0.9 lagging, (b) unity, and (c) 0.9 leading. 

A 60-Hz, 230-mile, three-phase overhead transmission line has a series impedance 
z = 0.8431/79.04° O/mi and a shunt admittance y = 5.105 x 107$/90* S/mi. The 
load at the receiving end is 125 MW at unity power factor and at 215 kV. Determine 
the voltage, current, real and reactive power at the sending end and the percent voltage 
regulation of the line. Also find the wavelength and velocity of propagation of the line. 


Using per-unit calculations, rework Problem 5.18 to determine the sending-end volt- 
age and current. : 


(a) The series expansions of the e functions are given by 


6 0* æ 
cosh 6 = I + — 5 + ag tat 

g? a4 gÉ 
sinh = 1 +- + 75g t 5040 ^ 


For the ABCD parameters. of a long transmission line represented by an equiva- 
lent z circuit, apply the above expansion and consider only the first two terms, 
and ‘express the result in terms of Y and Z. 


(b) For the nominal z and equivalent z circuits shown in Figures 5.3 and 5.7 of the 
text, show that 


A-1 Y ad A-1 Y 
B 2 g v3 


hold good, respectively. 


5,2] 


5.22 


5.23 


5.24 








5.29 


5,30 
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Starting with (5.1.1) of the text, show that 


_Vsis+Vele and pa SR 
— Vals + Vslg — Vreis + Vole 


Consider the A parameter of the long Ime given by cosh 0, where 0 = /ZY. With 
x= = xi + jx», and A = A, + jÀ», show that x; and x» satisfy the following: 


x ES 5 — 2(A4x, — A5X2) +l=0 


and xix? — {Aox, + Á1x;) = 0. 
SECTION 5.3 


Determine the equivalent z circuit for the line in Problem 5.14 and compare it with 
the nominal z circuit. 


Determine the equivalent z circuit for the line in Problem 5.16. Compare the equiva- 
Jent z circuit with the nominal z circuit. 


Let the transmission line of Problem 5.12 be extended to cover a distance of 200 miles. 
Assume conditions at the load to be the same as in Problem 5.12. Determine the: (a) 
sending-end voltage, (b) sending-end current, (c) sending-end real and reactive powers, 
and (d) percent voltage regulation. 


SECTION 5.4 


A 320-km 500-kV, 60-Hz three-phase uncompensated line has a positive-sequence 
series reactance x = 0.34 O/km and a positive-sequence shunt admittance y = 74.5 x 
1076 S/km. Neglecting losses, calculate: (a) Z., (b) (yl), (c) the ABCD parameters, 
(d) the wavelength å of the line, in kilometers, and (e) the surge impedance loading 
in MW. 


Determine the equivalent z circuit for the line in Problem 5.26. 


Rated line voltage is applied to the sending end of the line in Problem 5.26. Calculate 
the receiving-end voltage when the receiving end is terminated by (a) an open circuit, 
(b) the surge impedance of the line, and (c) one-half of the surge impedance. (d) Also 
calculate the theoretical maximum real power that tbe line can deliver when rated 
voltage is applied to both ends of the line. 


Rework Problems 5.9 and 5.16 neglecting the conductor resistance. Compare the re- 
sults with and without losses. 


From (4.6.22) and (4.10.4), the series inductance and shunt capacitance of a three- 
phase overhead line are 


La = 2 x 1077 In(Deg/Dsi) = 29 In(Deg/DsL) H/m | 


2n 
27E 
Coa ————-— F/m 
~~ In(Deg/Dsc) / 
where fy = 42 x 1077 H/m and & = (ses x 107? F/m 


Using these equations, determine formulas for surge impedance and velocity of 


propagation of an overhead lossless line. Then determine the surge impedance and ve- 
locity of propagation for the three-phase line given in Example 4.5. Assume positive- 
sequence operation. Neglect line losses as well as the effects of the overhead neutral 
wires and the earth plane. 
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5.31 


5.33 


5.34 


5.35 


5.36 


5.37 


A $00-kV, 300-km, 60-Hz three-phase overhead transmission line, assumed to be loss- 
less, has a series inductance of 0.97 mH/km per phase and a shunt capacitance of 
0.115 pF/km per phase. (a) Determine the phase constant f, the surge impedance Zc, 
velocity of propagation v, and the wavelength 4 of the line. (b) Determine the voltage, 
current, real and reactive power at the sending end, and the percent voltage regulation 
of the line if the receiving-end load is 800 MW at 0.8 power factor lagging and at 
500 kV. 


The following parameters are based on a preliminary line design: Vs = 1.0 per unit, 
Vg — 0.9 per unit, 4 = 5000 km, Zc = 320 Q, 6 = 36.8°. A three-phase power of 
700 MW is to be transmitted to a substation located 315 km from the source of 
power. (a) Determine a nominal voltage level for the three-phase transmission line, 
based on the practical line-loadability equation. (b) For the voltage level obtained in 
(a), determine the theoretical maximum power that can be transferred by the line. 


Consider a long radial line terminated in its characteristic impedance Zc. Determine 
the following: 

(a) Vi/Ij, known as the driving point impedance. 

(b) [V3] i (Fil, known as the voltage gain, in terms of o. 

(c) [5]/|h|, known as the current gain, in terms of aZ. 

(d) The complex power gain, — S21 / S12, in terms of a. 

(e) The real power efficiency, {—P2)/Pi2) = 7, in terms of oZ. 

[Note: 1 refers to sending end and 2 refers to receiving end. (S21) is the complex power 
received at 2; $35 is sent from 1.} 


For the case of a lossless line, how would the results of Problem 5.33 change? 
In terms of Zc, which will be a real quantity for this case, 
Express P; in terms |; | and |l. 


For a lossless open-circuited line, express the sending-end voltage, Vi, in terms of the 
receiving-end voltage, V5, for the three cases of short-line model, medium-length line 
model, and long-line model. Is it true that the voltage at the open receiving end of a 
long line is higher than that at the sending end, for small pz. 


For a short transmission line of impedance (R + jX) ohms per phase, show that the 
maximum power that can be transmitted over the line is 


Vs IZ 
Prax = (FER) where Z = VR? + X2, 


Z? \ Vr 
when the sending-end and receiving-end voltages are fixed, and for the condition 


. -VRX 
= -—*— when dP/dQ = 0 
Q R? + X? /aQ 


(a) Consider complex power transmission via the three-phase short line for which the 
per-phase circuit is shown in Figure 5.16. Express $15, the complex power sent by 
bus 1 (or Vi), and (—5S21), the complex power received by bus 2 (or V2), in terms 
of Vi, V4, Z, / Z, and 0; = 0; — 4, the power angle. 


(b) For a balanced three-phase transmission line, in per-unit notation, with Z — 
1/ 85°, 01; = 10°, determine S1; and (—$21) for 


FIGURE 5.16 


Per-phase circuit for 
Problem 5.37 


5.38 


5,39 
5.40 


5.4] 


5.42 


5.43 
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(i) Vi = V; = 1.0 
(ii) V; = 1.1 and V; = 0.9 


Comment on the changes of Real and Reactive powers from (i) to (ii). 


Z=Z/Z 


V = V, ei^ 





SECTION 5.5 


The line in Problem 5.14. has three ACSR 1113-kcmil conductors per phase. Calculate 
the theoretical maximum real power that this line can deliver and compare with the 
thermal limit of the line, Assume Vs = Vg = 1.0 per unit and unity power factor at 
the receiving end.: 


Repeat Problems 5.14 and 5.38 1f the line length is (a) 200 km, (b) 550 km. 


For the- 500-kV line given in Problem 5.16, (a) calculate the theoretical maximum real 
power that the line can deliver to the receiving end when rated voltage is applied to 
both ends. (b) Calculate the receiving-end reactive power and power factor at this the- 
oretical loading. 


A 230-kV, 100-km, 60-Hz three-phase overhead transmission line with a rated current < 
of 900 A/phase has a series impedance z = 0.088 + j0.465 O/km and a shunt admit- 
tance y = 73.524 uS/km. (a) Obtain the nominal z equivalent circuit in normal units 
and in per unit on a base of 100 MVA (three phase) and 230 kV (line-to-line). (b) De- 
termine the three-phase rated MVA of the line. (c) Compute the ABCD parameters. 
(d) Calculate the SIL. | 


A three-phase power of 460 MW is to the transmitted to a substation located 500 km 
from the source of power. With Vs = 1 per unit, Vg = 0.9 per unit, 4 = 5000 km, 
Zc = 500 Q, and ó = 36.87^, determine a nominal voltage level for the lossless trans- 
mission line, based on Eq. (5.4.29) of the text. 

Using this result, find the theoretical three-phase maximum power that can be trans- 
ferred by the lossless transmission line. 


Open Power World Simulator case Example 5 4 and graph the load bus voltage as a 
function of load real power (assuming unity power factor at the load). What is the 
maximum amount of real power that can be transferred to the load at unity power 
factor if we require the load voltage always be greater than 0.9 per unit? C xs 


bon 
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| Pw | 5.44 


5.45 


5.46 
5.47 


5.48 


5.49 


5.50 


5.51 


5.52 


a 
Repeat Problem 5.43, but now vary the load reactive power, assuming the load real 
power is fixed at 1000 MW. 


SECTION 5.6 


For the line in Problems 5.14 and 5.38, determine: (a) the practical line loadability in 
MW, assuming Vs = 1.0 per unit, Vg z 0.95 per unit, and dmax = 35°; (b) the full-load 
current at 0.99 p.f. leading, based on the above practical line loadability; (c) the exact 
receiving-end voltage for the full-load current in (b) above; and (d) the percent voltage 
regulation. For this line, 1s loadabiltty determined by the thermal limit, the voltage- 
drop limit, or steady-state stability? 


Repeat Problem 5.45 for the 500-kV line given in Problem 5.10. 


Determine the practical lme loadabiltty in MW and in per-unit of SIL for the line in 


Problem 5.14 if the line length is (a) 200 km, (b) 600 km. Assume Vs = 1.0 per unit, 


Vg = 0.95 per unit, dmax = 35°, and 0.99 leading power factor at the receiving end. 


It 1s desired to transmit 2200 MW from a power plant to a load center located 300 km 
from the plant. Determine the number of 60-Hz three-phase, uncompensated trans- 
mission lines required to transmit this power with one line out of service for the fol- 
lowing cases: (a) 345-kV lines, Z, = 300 Q, (b) 500-kV lines, Ze = 275 Q, (c) 765-kV 
lines, Z- = 260 OQ. Assume that Vs = 1.0 per unit, Vp = 0.95 per unit, and dma, = 35°. 


Repeat Problem 5.48 if it is desired to transmit: (a) 3200 MW to a load center located 
300 km from the plant, (b) 2000 MW to a load center located 400 km from the plant. 


A three-phase power of 3600 MW is to be transmitted through four identical 60-Hz 
overhead transmission lines over a distance of 300 km. Based on a preliminary design, 
the phase constant and surge impedance of the line are f) = 9.46 x 10 ^ rad/km 
and Zc = 343 Q, respectively. Assuming Vs = 1.0 per unit, Vg = 0.9 per unit, and a 
power angle ó = 36.87°, determine a suitable nominal voltage level in kV, based on 
the practical line-loadability criteria. 


The power flow at any point on a transmission line can be calculated in terms of the 
ABCD parameters. By letting A = |A|/a, B = |B|/8, Vr = |Vr|/0°, and Vs = |Vs|/6, 
the complex power at the receiving end can be shown to be 


Vr} iV — A|[IV2|/B — 
Patty = VEUVE AIV e 


(a) Draw a phasor diagram corresponding to the above equation. Let it be repre- 
sented by a triangle O'OA with O’ as the origin and OA representing Pr + /Qg. 


(b) By shifting the origin from O' to O, turn the result of (a) into a power diagram, 
redrawing the phasor diagram. For a given fixed value of |Vg| and a set of values 
for |Vs|, draw the loci of point A, thereby showing the so-called receiving-end 
circles. 


(c) From the result of (b) for a given load with a lagging power factor angle Op, de- 
termine the amount of reactive power that must be supplied to the receiving end 
to maintain a constant receiving-end voltage, 1f the sending-end voltage magnitude 
decreases from |Vs | to |Vs;]. 

(a) Consider complex power transmission via the three-phase long line for which the 
per-phase circuit is shown in Figure 5.17. See Problem 5.37 in which the short-line 
case was considered. Show that 


FIGURE 5.17 


Per-phase circuit for 
Problem 5.52 


[Pw] 5.53 
5.54 


5.55 


5.56 


_ §.57 


PROBLEMS 277 














l y^ y? Valine | 
sending-end power = $1? = z V? + ys oa X e? 
y^ ; V2 Vi V5 E 
and received power = —$5, = — ERE ^ zs ZA jo: 


where 9,5 = 0i = 05. 
(b) For a lossless line with equal voltage magnitudes at each end, show that 


V? sin 01, sin 012 
— Tk LEE IL — 
Zc sin Be SIL sin p^ 





Pi? = —Pay 


(c) For 81; = 45°, and f) = 0.002 rad/km, find (P)2/Psr_) as a function of line length 
in km, and sketch it. | 

(d) If a thermal limit of (Pi2/Psr,) = 2 is set, which limit governs for short lines and 
long lines? 





S12 -Sz 


Open PowerWorld Simulator case Example 5_8. If we require the load bus voltage tc 
be greater than or equal to 730 kV even with any line segment out of service, what i! 
the maximum amount of real power that can be delivered to the load? 


Repeat Problem 5.53, but now assume any two line segments may be out of service. 


SECTION 5.7 


Recalculate the percent voltage regulation in Problem 5.15 when identical shunt re 
actors are installed at both ends of the line during light loads, providing 70% tota 
shunt compensation. The reactors are removed at full load. Also calculate the imped 
ance of each shunt reactor. 


Rework Problem 5.17 when identical shunt reactors are installed at both ends of th 
line, providing 50% total shunt compensation. The reactors are removed at full load. 


Identical series capacitors are installed at both ends of the line in Problem 5.14, prc 
viding 40% total series compensation. Determine the equivalent ABCD parameters « 
this compensated line. Also calculate the impedance of each series capacitor. 
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5.58 


5.59 


5.60 


5.61 


5.62 


5.63 


5.64 


5.65 


5.66 


Identical series capacitors are installed at both ends of the line in Problem 5.16, pro- 
viding 30% total series compensation. (a) Determine the equivalent ABCD parameters 
for this compensated line. (b) Determine the theoretical maximum real power that 
this series-compensated line can deliver when Vs = Vg = 1.0 per unit. Compare your 
result with that of Problem 5.40. l 


Determine the theoretical maximum real power that the series-compensated line in 
Problem 5.57 can deliver when. Vs = Vg = 1.0 per unit. Compare your result with 
that of Problem 5.38. 


What is the minimum amount of series capacitive compensation Nc in percent of the 
positive-sequence line reactance needed to reduce the number of 765-kV lines in Ex- 
ample 5.8 from five to four. Assume two intermediate substations with one line section 
out of service. Also, neglect line losses and assume that the series compensation 1s suf- 
ficiently distributed along the line so as to effectively reduce tbe series reactance of the 
equivalent x circuit to X’(1 — Nc/100). 


Determine the equivalent ABCD parameters for the line in Problem 5.14 if it has 70% 


-shunt reactive (inductors) compensation and 40% series capacitive compensation. Half 


of this compensation is installed at each end of the line, as in Figure 5.14. 


Consider the transmission line of Problem 5.18, (a) Find the ABCD parameters of the 
line when uncompensated. (b) For a series capacitive compensation of 70% (35% at 
the sending end and 35% at the receiving end), determine the ABCD parameters. 
Comment on the relative change in the magnitude of the B parameter with respect to 
the relative changes in the magnitudes of the A, C, and D parameters. Also comment 
on the maximum power that can be transmitted when series compensated. 


Given the uncompensated line of Problem 5.18, let a three-phase shunt reactor (in- 
ductor) that compensates for 70% of the total shunt admittance of the line be con- 
nected at the receiving end of the line during no-load conditions. Determine the effect 
of voltage regulation with the reactor connected at no load. Assume that the reactor is 
removed under full-Joad conditions. 


- Let the three-phase lossless transmission line of Problem 5.31 supply a load of 1000 


MVA at 0.8 power factor lagging and at 500 kV. (a) Determine the capacitance/phase 
and total three-phase Mvars supplied by a three-phase, A-connected shunt-capacitor 
bank at the receiving end to maintain the receiving-end voltage at 500 kV when the 
sending end of the line is energized at 500 kV. (b) If series capacitive compensation of 
40% 1s installed at the midpoint of the line, without the shunt capacitor bank at the 
receiving end, compute the sending-end voltage and percent voltage regulation. 


Open PowerWorld Simulator case Example 5_10 with the series capacitive compensa- 
tion at both ends of the line in service. Graph the load bus voltage as a function of 
load real power (assuming unity power factor at the load). What is the maximum 
amount of real power that can be transferred to the load at unity power factor if we 
require the Joad voltage always be greater than 0.85 per unit? 


Problem 5.66 Open PowerWorld Simulator case Example 5.10 with the series capaci- 
tive compensation at both ends of the line in service. With the reactive power load 
fixed at 500 Mvar, graph the load bus voltage as the MW load ts varied between 0 
and 2600 MW in 200 MW increments. Then repeat with both of the series compensa- 
tion elements out of service. 
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CASE STUDY QUESTIONS 


A. Dispatchers at power system control centers have limited control of power flows in 


today’s transmission and distnbution networks, Dispatch options include rescheduling 
of generation and intertie flows, adjusting generator excitation and transformer taps, 
removing lines or equipment from service, and' bringing standby equipment on-line. 
However, Ohm's law seems to have the greatest influence on network flows. That is, 
power (more correctly, energy) flows from generators to customer loads through paths 
of lowest impedance. Do FACTS installations provide the opportunity for central dis- 
patch (control) of flow on each compensated line? 


B. What are the benefits of controlling power flows on individual lines? What are the 


risks? 
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POWER FLOWS 


Successful power system operation under normal balanced three-phase 
steady-state conditions requires the following: 


1. Generation supplies the demand (load) plus losses. 

2. Bus voltage magnitudes remain close to rated values. 

3. Generators operate within specified real and reactive power limits. 
4. Transmission lines and transformers are not overloaded. 


The power-flow computer program (sometimes called /oad flow) is the 
basic tool for investigating these requirements. This program computes the 
voltage magnitude and angle at each bus in a power system under balanced 
three-phase steady-state conditions. It also computes real and reactive power 
flows for all equipment interconnecting the buses, as well as equipment losses. 
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Both existing power systems and proposed changes including new generation 
and transmission to meet projected load growth are of interest. 

Conventional nodal or loop analysis is not suitable for power-flow 
studies because the input data for loads are normally given in terms of power, 
not impedance. Also, generators are considered as power sources, not voltage 
or current sources. The power-tlow problem is therefore formulated as a set 
of nonlinear algebraic equations suitable for computer solution. 

In Sections 6.1-6.3 we review some basic methods, including direct and 
iterative techniques for solving algebraic equations. Then in Sections 6.4—6.6 
we formulate tbe power-flow problem, specify computer input data, and 
present two solution methods, Gauss-Seidel and Newton-Raphson. Means 
for controlling power flows are discussed in Section 6.7. Sections 6.8 and 6.9 
introduce sparsity techniques and a fast decoupled power-flow method, while 
Section 6.10 discusses the DC power flow. 

Since balanced three-phase steady-state conditions are assumed, we use - 
only positive-sequence networks in this chapter. Also, all power-flow equa- 
tions and input/output data are given in per-unit. 





CASE STUDY 


Power-flow programs are used to analyze large transmission grids and the complex 


interaction between transmission grids and the power market. The following article 
describes visualization tools that are integrated with power-flow programs, enabling users 
to interpret large volumes of power-flow data more rapidly, more accurately, and more 


intuitively [9]. 


Visualizing the Electric Grid 
THOMAS J. OVERBYE, JAMES D. WEBER 


Visualization software packs a large amount of in- 
formation into a single computer-generated image, 
enabling viewers to interpret the data more rapidly 
and more accurately than ever before. This kind of 
software will become still more useful, even indis- 
pensable, as electricity grids are integrated over 
ever-larger areas, as transmission and generation 
become competitive markets, and as transactions 
grow in number and complexity. 

Tracking and managing these burgeoning trans- 
action flows puts operating authorities on their 
mettle. While the electric power system was de- 
signed as the ultimate in plug-and-play convenience, 


(“Visualizing the Electric Grid" Thomas J. Overbye, James D. 
Weber 2001 IEEE. Reprinted, with permission, from the 
IERE Spectrum, 38, 2 (Feb/2000), pg. 52-58.) 


the humble wall outlet has become a gateway to one 
of the largest and most complex of man-made ob- 
jects. For example, barring a few islands and other 
small isolated systems, the grid in most of North 
America is just one big electric circuit. It encom- 
passes billions of components, tens of millions of 
kilometers of transmission line, and thousands of 
generators with power outputs ranging from less 
than 100 kW to 1000 MW and beyond. Grids on 
other contínents are similarly interconnected. 

In recent years, a further complicating factor has 
emerged. Along with the broadening integration of 
power systems has come the increased transfer of 
large blocks of power from one region to another. 
In the United States, because of varying local power 
loads and availability, utilities purchase electricity 
from distant counterparts and independent sup- 
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pliers, exploiting price differentials to economize 
on costs. For one, the Tennessee Valley Authority, 
which provides power to more than 8 million resi- 
dents in seven states using over 27,000 km of trans- 
mission lines, handled a mere 20,000 transaction 
requests through its service territory in 1996, com- 
pared to the 300,000 in 1999. 

The net effect is that data once of interest mainly 
to small cadres of utilities now must be communi- 
cated to the new entities being established to manage 
“restructured grids. In the United States, that means 
independent system operators (ISOs) and regional 
transmission organizations (RTOs), which have to be 
able to grasp fast-changing situations instantaneously 
and evaluate corrective strategies nearly as fast. 

Power marketers’ needs, too, become more ur- 
gent, as access to the grid is opened and competi- 
tion among generators is introduced across the 
United States and elsewhere. They must be able to 
see just how much existing and proposed trans- 
actions will cost, and the availability of electricity at 
any time and any point in the.system. 

Finally, concepts fike power flow, loop flow, and 
reactive power, which once mattered only to the 
engineers directly involved in grid operations, now 
must be made intuitive. This is because they must be 
communicated to public service commissions and 
the consumer-voters to whom such boards are 
answerable, 

In short, whether the client/user is a power 
marketer, a grid operator or manager, a public au- 
thority, or a member of the public, power system 
visualization tools can aid their comprehension by 
lifting the truly significant above background noise. 
Such tools can expedite decision-making for con- 
gestion management, power trading, market organi- 
zation, and investment planning for the long term. 

The visualization tools illustrated here are avail- 
able from PowerWorld Corp., Urbana, Illinois. Vi- 
sualization tools offered by others rely on updated 
text. ABB, Alstom ESCA, GE Harris, and Siemens, 
for example, offer tools that are part of larger en- 
ergy management systems packages. 


HOW FLOWS ARE MANAGED 


The usual reason that a large transfer of power can 
be hard to handle is that there are few mechanisms 


to contro} its route through the transmission system 
from generator to distant load. Often that route is 
indirect, dictated by the impedances of the lines and 
places where power enters or leaves the system. In 
effect, a single transaction between a generator and 
a utility spreads throughout a large portion of the 
grid—a phenomenon termed loop flow. 

(To be sure, current can be and is directly guided 
during high-voltage direct-current [HVDC] trans- 
mission. And ac current is being nudged in desired 
directions by devices like phase-shifting transformers 
and series compensation capacitors, often lumped 
together as flexible ac transmission (FACT) devices. 
However, very few of these devices are available in 
most large power systems, so in effect transmission 
flows are not controllable.) 

The percentage of a transfer that flows on 
any component in the grid—a transformer, say—is 
known, in language developed for the U.S. Eastern 
Interconnect, as the power transfer distribution fac- 
tor (PTDF). A transaction that would send power 
through an overloaded component, in a direction 
to increase the loading, may not be allowed, or if 
already under way, may have to be curtailed. The 
U.S. procedure for ordering such curtailments is 
known as transmission-line loading relief (TLR). Its 
developer was the North American Electric Relia- 
bility Council (NERC), the utilities’ voluntary relia- 
bility organization in Princeton, New Jersey. 

To reiterate, a grid component owner that de- 
tects overloading serves notice with the relevant 
authority—an ISO or RTO, for example—and asks 
for relief. The independent operator, or whoever, 
thereupon orders loading relief measures. For the 
component in question, any transaction involving 
a distribution factor higher than a predetermined 
level—set by NERC at 5% of the transaction—is a 
candidate for curtailment. if more than 5% of the 
power transferred as part of a transaction will go 
over a grid component subject to a TLR, the trans- 
action may be scaled back or canceled. 

Those TLR measures in turn will affect other 
existing and proposed transactions, requiring fur- 
ther near-instantaneous analysis by utilities, grid su- 
pervisors, and power marketers, The need at every 
level for state-of-the-art visualization tools is obvi- 
ous, since any bottleneck in this complex system can 
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Seeing Potential Transmission Overloads. Color contour map highlights salient feacures of hypothetical grid activity 
during a price spike in the U.S. Midwest. A transmission line in Wisconsin (Eau Claire-Arpin) and a transformer in Ohio 
(Kammer) were chokepoints because they were at their maximum loading levels. Regulatory constraints then prevented 
further power transfers, which would only have increased the loading on either device. 

Because of loop flow, the two chokepoints vastly reduced the market of potential additional generation to 
Midwest utilities. The colored regions, ranging from green to red for degrees of escalating percentage, exceeded the 5% 
- regulatory cutoff and hence were prohibited from handling new transactions. 


quickly cause brownouts, blackouts, or nasty price 
spikes. 


AVERTING PRICE SPIKES, ISLANDING 


Problems with grid management are not necessarily 
the cause of electricity outages or price spikes— 
California's current electricity crisis seems to have 
been induced primarily by ‘unforeseen generating 
shortages and misguided public policy. Here, visual- 
ization can help only indirectly, by better showing 


policymakers the potential impact policy decisions . 
can have on grid operation. 

But when grid congestion is at the root of prob- 
lems and floods of data are involved, visualization 
tools like conttouring, dynamic pie charts, animated 
diagrams, and two- and three-dimensional outlines 
have much more to offer. 

Congestion played a pivotal role, for example, in 
the notorious U.S. midwestern price spikes of June 
1998. That month, spot market prices for electricity 
soared three-hundredfold from US $25 to $7500 
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Assessing the Impact of a Power Transfer. The power transfer distribution factor (PTDF) is the percentage of a 

` transaction that loops over a grid component. Here, superimposed on a map of the U.S. high-voltage transmission grid, 
a color contour indicates PTDF values for a hypothetical transfer between a utility in eastern Wisconsin (WEPCO) and 
the Tennessee Valley Authority (TVA). A value of 2% [green] is acceptable, 15% [red] unacceptable. 


per megawatt-hour. Though there were many con- 
tributing factors, the most important were barriers 
to importing electricity from outside the region. 
Flectricity was available elsewhere on the grid to the 
east and west, but could not be transferred because 
of overloads (congestion) on just two elements: a 
transmission line in northwest Wisconsin and a 
transformer in southeast Ohio. 


The situation at the time of the June 1998 price 
spikes ís diagrammed on the preceding page, where 
the small ovals represent operating areas in the 
Eastern Interconnect, each a potential seller, In the 
transaction illustrated, the buyer was a utility 
northern lllinois. The contour indicates what per- 
centage of the power transfer requested would have 
flowed through overloaded devices; shaded areas 


on the left could not sell because of the overload 
in northwest Wisconsin, those on the right because 
of the overload in southeast Ohio. 

The visualization provides a picture of the com- 
plex interaction between the grid and the power 
market, allowing market participants to respond 
more quickly to changing conditions. With the mar- 
ket segmentation visualized on the prior page, power 
buyers im the affected areas could move quickly to 
procure long-term power capacity contracts, rather 
than having to buy at the astronomical spot market 
prices. 

In the past, to form a mental picture of how 
line-loading relief measures might affect a market 
or reliability area, marketers or operators would 
have had to scan a long numerical list of distribution 
factors—no easy task once the list grows beyond a 
hundred or so entries. This is because in any large 
grid system, there are huge numbers of distribution 
factor sets, each dependent on pairs of buyers and 
sellers. Contouring provides a good solution, making 
the impact of loop flow apparent at a glance. 

Another way of mapping the implications of TLRs 
is illustrated above: the map shows the distribution 
factors for a hypothetical power transfer from a 
utility in eastern Wisconsin and the Tennessee Val- 
ley Authority, Note that the transfer affects lines as 
far away as Nebraska and eastern Virginia. Of the 
45 000 lines modeled in the case, 17! had PTDFs 
above 526, while for 578 the PTDFs were above 
2%. . 

With the aid of such tools, a marketer can easily 
start considering a host of WHAT IF scenarios. 
How might a loading relief on a transmission line 
affect market participants other than those directly 
involved in a transaction? What if there is an outage 
of a major transmission line? What is the outlook 
for other potential buyers? 


VISUALIZING VOLUMINOUS FLOWS 


To determine how power moves through a trans- 
mission network from generators to loads, it is 
necessary to calculate the real and reactive power 
flow on each and every transmission line or trans- 
former, along with associated bus voltages (in other 
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words, the voltages at each node). With networks 
containing tens of thousands of buses and branches, 
such calculations yield a lot of numbers. Tradition- 
ally they were presented either in reams of tabular 
output showing the power flows at each bus or 
else as data in a static so-called one-line diagram. 
(One-line diagrams are so named because they rep- 


‘resent the actual three conductors of the underlying 


three-phase electric system with a single equivalent 
line.) 

The visualization challenge is to make these con- 
cepts intuitive. One simple yet effective technique to 
depict the flow of power in an electricity network is 
to use animated line flow [see Figure 3, and link to 
PowerWorld site]. Here, the size, orientation, and 
speed of the arrows indicate the direction of power 
flow on the line, bringing the system almost literally 
to life. 

Dynamically sized pie charts are another visuali- 
zation idea that has proven useful for quickly detect- 
ing overloads in a large network. On the one-line, 
the percentage fill in each pie chart indicates how 
close each transmission line is to its thermal limit. 

When thousands of lines must be considered, 
however, checking each and every value is not an 
option. Of course, tabular displays can be used to 
sort the values by loading percentage, but with a 
loss of geographical relevance. Because engineers 
and traders are mostly concerned with transmission 
lines near or above their limits, low-loaded lines can 
be eliminated by dynamically sizing the pie charts to 
become visible only when the loading ís above a 
certain threshold. 


CONTOURING THE GRID 


Using pie charts to visualize these values is helpful, 
unless a whole host of them appear on the screen. 
Here, an entirely different visualization approach is 
useful—contouring. 

For decades, power system engineers have rep- 
resented bus-based values by drawing one-line dia- 
grams embellished with digital numerical displays of 
the nearest bus's values. The results, being numeri- 
cal, are precise and displayed next to the bus to 
which they refer. But for more than a handful of 
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Figure 3 
Animating Tabular Flow Information. Output that once had to be scanned in unwieldy tables [upper left] now can be 
absorbed at a glance from an enhanced diagram. For an animated version go to: http://www.powerworld.com/spectrum. 


buses, it takes a lot of time to find a pattern. Con- 
tours are a familiar way of displaying continuous, 
spatially distributed data. The equal-temperature 
contours provided in a newspaper’s weather fore- 
cast form a well-known example. 

The trouble with contouring power system data 
is that it is not spatially continuous. Bus voltage 
magnitudes exist only at buses, and power only as 
flows on the lines, yet the spaces between buses 
and lines appear in contour maps as continuous 
gradients, not as gaps. 


In practice the artificially blended spaces between 
nodes and lines do not matter much, as the main 
purpose of a contour is to show trends in data. 
Values are exact only at the buses or on the lines. 
Colors can be used to represent a weighted average 
of nearby data-points. This color gradation brings 
out the spatial relationships in the data. 


MARKET POWER 


Power flows matter not only to operations en- 
gineers and power traders, but also to the author- 


ities charged with deciding whether two utilities 
should be allowed to merge, whether a new com- 
bustion turbine is needed in a trendy suburb, or 
whether the absence of a single transmission line 
could send electricity prices soaring. Overloads on 
just a few transmission lines can segment, or sepa- 
rate, even large power markets, causing prices to 
spike, with some players reaping huge windfall prof- 
its. The end result: serious misgivings about the 
whole process of restructuring and deregulation. 

The central concern is that benefits from break- 
ing up the old vertically integrated utilities will be 
for nought if the newly unbundled generation and 
transmission companies are able to exercise quasi- 
monopolistic power over local and regional! markets. 
Collusion is one method, and another is "gaming" 
the system—taking advantage of legal loopholes and 
operational quirks to create or exploit bottlenecks 
and chokepoints. 

Such abusive power, dubbed market power in 
the electricity context, refers to the ability of one 
seller or a group of sellers to maintain prices above 
competitive levels for a significant period of time. 
This can be done in various ways, depending on how 
markets have been organized to set prices in juris- 
dictions adopting market mechanisms—notably the 
United Kingdom, Norway, New Zealand, and, in 
the United States, the California Power Exchange, 
the PIM (Pennsylvania-New Jersey—Maryland) In- 
terconnection, the New England Power Pool and 
New York ISO. 

In most jurisdictions introducing competition, 
markets are organized so that spot prices can be 
determined at every node (or bus) in the system. 
The U.S, name for this is the locational marginal 
price (LMP). Under truly competitive conditions, it 
equals the marginal cost of providing electricity to 
that point in the transmission system, where the 
provider is any generator bidding into the system. 

In the absence of overloads, spot marginal prices 
are about equal across an entire power market 
(though this depends somewhat on how resistive 
line losses are taken into account). But when over- 
loads occur, spot prices can rapidly diverge. Because 
LMPs are busbased values, contouring is again ex- 
tremely useful for showing market-wide patterns. 
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As an example, the figure at the left shows a 
contour of the LMPs generated by an optimal power 
flow (OPF) study using a 9270-bus system to model 
those in the northeast [see "A Brief History of the 
Power Flow, page 260]. An OPF sets the outputs of 
generators to minimize the total cost of operat- 
ing the power system, while at the same time en- 
suring that no transmission system elements are 
overloaded. In the study, marginal prices were cal- 
culated for 5774 buses, and some 2000 of these 
values were used in creating the contour. The con- 
tour is superimposed on a map of the high-voltage 
transmission lines in the Northeast, and the pie 
charts indicate which transmission lines or corridors 
are congested. 

Note the price differential between New York 
and New England caused by a congested line on the 
boundary between northern New York and New 
England. The pocket of high prices in western New 
York is due to a constraint on a single 230/1 15-kV 
transformer. A transmission element is said to con- 
strain the power system when generation must be 
moved from the most economical operating point in 
order to reduce the loading on the element. This 
constraint can be eliminated by bringing on stream 
a relatively small 85-MW generator on the con- 
strained side of the transformer. 

To be truly effective, however, computer visual- 
ization must be interactive and it must be fast. Using 
a standard desktop computer, the contour on the 
opposite page can be re-created, with a reasonable 
resolution, within a few seconds. Fast contouring, 
coupled with easy zooming and panning, equips the 
market analyst with an interactive tool with which 
to quickly explore a power system data set. For 
instance, zooming could be used to provide more 
details about pricing across Massachusetts, while 
dynamically sized pie charts could be show lines 
that are close to but not yet exceeding their limits. 


THE GRID GOES 3-D 


Contouring can be quite helpful when one is pri- 
marily concerned with the visualization of a single 
type of spatially oriented data, such as bus voltages 
or transmission line flows. But the data of interest in 
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Dynamically Sized Data Displays Provide Early Warning of Possible Price Spikes. The real cost of supplying power 
fluctuates widely as capacity, load, and other conditions on the grid change from moment to moment. Congestion on 
just a handful of lines can result in big regional variations in prices. This contour of the price variation across a potential 
power market in the U.S. Northeast includes circles showing transmission lines that are fully loaded. 


a power system could include a long list of inde- 
pendent and dependent variables. Bus voltage mag- 
nitudes and prices, transmission line loadings and 
PTDFs, generator reserves and bids, and scheduled 
flows between areas all come to mind. 

In more advanced applications involving OPF and 
available transfer capability (ATC) calculations, this 
list of variables is even longer. ATC calculations de- 
termine maximum amounts of megawatt transfers 
that can occur across the transmission system. One 
solution is to leave the two-dimensional views be- 
hind and enter the third dimension. 

Interactive, 3-D visualization is certainly nothing 
new. Nevertheless, in designing it for power system 
visualization several issues arise. First and foremost, 


in visualizing power system data there is usually no 
corresponding “physical” representation for the 
variables. For example, there is no physical correlate 
to the reactive power output of a generator, or for 
the marginal cost of enforcing a transmission line 
constraint. These are abstract calculated values, to 
be added as desired to diagrams in which physical 
flows are represented in the first two dimensions. 
The abstract nature of the data makes this kind of 
visualization different from the characteristic use’of 
interactive 3-D for some types of scientific visual- 
ization, in which the purpose of the environment is 
to visualize physical phenomena, such as flows in a 
wind tunnel or molecular interactions. To address 
this issue, an environment based upon the tradi- 


tional one-line representation (in which the three ac 
phases are represented by single lines) serves as a 
good starting point. Those concerned with power 
systems are familiar with it. The new environment 
differs from the old in that a traditional one-line is a 
two-dimensional representation, whereas the new is 
3-D, opening a world of possibilities of how to use 
this additional dimension. 

The 3-D environment must also be highly inter- 
active. Jn power systems, there is too much data for 
everything of interest to be displayed. Rather the 
user should be able to access the data of interest 
quickly and intuitively. 

This leads to the question of how to interact with 
the 3-D environment. With a 2-D one-line, there 
are just three degrees of freedom associated with 
viewing: panning in either the x or y directions, and 
zooming. The 2-D one-line could be thought of as 
lying in the xy-plane, with the viewing “camera” poised 
above.. Panning the one-line can then be thought of 
as moving the camera in the x and y directions. And 
zooming is simply changing the height of the camera 
above the one-line. A 3-D environment has the 
same three degrees of freedom, but adds three 
more, because now the camera itself can be rotated 
about each of its three axes. Navigation can, how- 
ever, be simplified by restricting camera rotation. 

One useful approach is to allow rotation about 
two axes only. If the camera rotates about the axis 
passing through its sides, it can change its angle with 
respect to the horizon (elevation). Alternatively, 
it can rotate about the axis passing through it 
from top to bottom. Rotation about the axis passing 
through the camera from front to back (twist) is not 
allowed. 

The results can be stunning. Suddenly the one- 
‘lines come to life. The 3-D environment gives the 
viewer a greater sense of involvement with the sys- 
tem, making important information harder to over- 
look and otherwise hidden relationships easier to see. 

For example, one limitation on the transmis- 
sion system is the need to maintain high enough bus 
voltages—values that contouring can display quite 
effectively but minus information about controlling 
factors, such as the reactive power output of gen- 
erators, that could correct problems with the vol- 
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tages. Voltage security analysis requires a simulta- 
neous awareness of both the bus voltage magnitudes 
and the generator reactive characteristics, including 
the generator reactive reserves. Showing all this in- 
formation numerically on a 2-D one-line would only 
be effective for a very small system. 


PERSPECTIVE PROJECTION 


The 3-D alternative is to draw the 2-D one-line in 
the xy-plane using a perspective projection, in which 
closer objects appear larger. The generator reactive 
output and reserves are then shown using cylinders 
in the third dimension. In Figure 5, the height of 
each cylinder is proportional] to the maximum reac- 
tive capacity of the generator; the dark lower part of 
the cylinder indicates the present reactive output, 
while the lighter part indicates the reactive reserves. 
The bus voltage values are indicated by a contour in 
the xy-plane; voltages below 98% of desired values 
are shaded. 

Thus the 3-D one-line now shows, at one and 
the same time, the location of low voltages, the 
present generator reactive power outputs, and the 
reserves. It does a good job of conveying qualitative 
information about the magnitude of these values, 
but not exact numerical values. Thus the figure only 
shows that the reactive power at bus 20 ís about 
50% of its maximum, not its actual value. In some 
situations this could be a serious limitation. Hence 
the 3-D one-lines are meant to supplement, rather 
than to replace, existing display formats. 

The last issue to address is performance. For 
effective use of the 3-D environment, fast display 
refresh is crucial. This in turn depends on, among 
other things, the speed of the computer's pro- 
cessor, the speed of the graphics card, whether the 
graphics card has hardware support for 3-D, and 
software considerations such as the level of display 
detail. At present, PCs with the best mainstream : 
display cards are approaching display rates of !0 
million polygons per second, enough for good re- 
fresh rates plus a fair amount of detail. 

Performance is driven strongly by computer 
games—their popularity, indeed, could not come at 
a better time for power visualization. 
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Introducing a Third Dimension for Abstract Data. A three-dimensional environment allows quick comparison of a 
number of system variables, as shown for this small 30-bus power system. Actual flows are diagrammed in the 
horizontal plane, while the vertical cylinders show the generators’ reactive-power outputs [shaded gray] and their 
reactive reserves [shaded orange]. The pie charts represent line loadings. 


A Brief History of the Power Flow 


FERNANDO L ALVARADO, ROBERT J. 
THOMAS 


Improved economy and reliability were recognized 
well over half a century ago as benefits of using an 
interconnected network for the transport of elec- 
tric power, But critical to its realization was (and 
still is) the ability to predict the voltages and flows 
on network components. As the networks evolved, 
the challenge was to develop a tool that would 
produce this critical information. The load-flow (or 
power flow), as the tool came to be known, pre- 
dicts all flows and voltages in the network when 
given the status of generators and loads. It is the 
tool most heavily used by power engineers, 


Early load-flows were solved using what were 
called calculator boards. These boards were a kind 
of analog computer, in that they emulated a spe- 
cific system by using a physical lumped-parameter 
resistor-inductor-capactor realization of the actual 
system, the 'components being connected in the 
same topology. For a realistic system, these boards 
filled several rooms, consumed substantial power, 
and had to be rewired when any modification was 
desired. As studies often required teams of engineers 
working in unison adjusting knobs and settings and 
reading out results aloud, the need for a flexible 
alternative was clear. 

Enter the modern digital computer, which, in 
fact, owes much of the impetus behind its original 
development to power engineers and their need for 
a better way to solve load-flows. [n the early days of' 


SECTION 6.1 DIRECT SOLUTIONS TO LINEAR ALGEBRAIC EQUATIONS: GAUSS ELIMINATION 


computing, the electric power business was by far 
the largest commercial user (and even developer) of 
digital machines. lt was not unusual for a utility to 
spend several million dollars (not adjusted for infla- 
tion) on the development of digital hardware and 
software. While IBM Corp. was advancing mainframe 
machine architectures, theorists were publishing the 
first papers on load-flow algorithms. 

The earliest algorithms were based on the 
Gauss—Seidel method, which made it possible, for 
the first time, to solve the load-flow problem for 
relatively large systems. It suffered, however, from 
relatively poor convergence characteristics. Then 
the Newton algorithm was developed to improve 
the convergence of the Gauss—Seidel method, but 
was initially thought to be impractical for realistically 
sized systems because of computational problems 
with large networks. The underlying problem for 
the iterative Newton method is the solution of a 
matrix equation of large dimension. 

In the 1960s Bill Tinney and his colleagues at 
the Bonneville Power Administration observed that, 
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although the main system matrix was very large, it 
was also very sparse (meaning it had a very small 
proportion of nonzero values). This observation 
gave rise to the development of sparsity methods. 
The concept made it possible to apply the Newton 
method to systems of arbitrary size, to attain for 
the first time both speed and excellent convergence 
characteristics. 

Since the '60s, numerous advances and exten- 
sions have been made in load-flow methods. In the 
early '70s came the fast-decoupled load-flow, which 
enhanced computational speed. Extensions to the 
load-flow itself included the representation of com- 
ponents such as high-voltage direct-current (HVDC) 
transmission lines, better methods for loss calcula- : 
tion, solution of the optimum power flow and state 
estimation problems, the continuation power flow, 
and the determination of spot prices of electricity in 
the presence of constraints—plus, of course, the 
development of better ways of visualizing and pre- 
senting load-flow results. 


DIRECT SOLUTIONS TO LINEAR ALGEBRAIC 
EQUATIONS: GAUSS ELIMINATION 


Consider the following set of linear algebraic equations in matrix format: 


An An 
A» Ay 
Ayi Ay? 
or 
Ax=y 


An X] 
Aay x| | (6.1.1) 
Ann | | XN YN 

(6.1.2) 


where x and y are N vectors and A is an N x N square matrix. The compo- 
nents of x, y, and A may be real or complex. Given A and y, we want to solve 
for x. We assume the det(A) is nonzero, so a unique solution to (6:1.1) exists. 

The solution x can easily be obtained when A 1s an upper triangular 
matrix with nonzero diagonal elements. Then (6.1.1) has the form | 
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An An... Ain xi yı 
0 Aa Aon X2 y2 
| . = (6.1.3) 
0 0...  Ay-twe1 ÂN- | | XN- yN-1 
0 0...0 ANN XN YN 
Since the last equation in (6.1.3) involves only xy, 
VN l 
N 6.1.4 
ry = Pe o (6.1.4) 
After xy 1s computed, the next-to-last equation can be solved: 
-i — Åy- 
bd IN| N~1,NXN (6.1.5) 
ÁN-LN-l1 — 
In general, with xy, xyw-1,...,Xg41 already computed, the kth equation can 
be solved 
N 
Yk — 2, AknXn 
gant c «ie Nebel (6.1.6) 
A. jk 


This procedure for solving (6.1.3) is called back substitution. 

If A 1s not upper triangular, (6.1.1) can be transformed to an equivalent 
equation with an upper triangular matrix. The transformation, called Gauss 
elimination, is described by the following (N — 1) steps. During step 1, we use 
the first equation in (6.1.1) to eliminate x; from the remaining equations, 
That is, equation 1 is multiplied by A,1/À,, and then subtracted from equa- 
tion z, for n = 2,3,..., N. After completing step 1, we have 


A Ay Ch Ain 
A?) ) ( A71 ) X] 
OMG hash MAOA ay 
= ( 2 — Aq Al NAM " 
: A 
| - hs AN 0 (Ax -Slan T (Asx - Aw) x3 
| N bas Ns : : i l : 
| UAM CT N t : | : 
a Po ^ A A x 
Dus Asa \ 0 (Ava — A Aus ZE (Anm = AM Aw » 
x 11 11 
yI 
p= n 
Ay 
A 
=| 3-22 (6.1.7) 
ANI 
VN a Y] 
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EXAMPLE 6.1 


Equation (6.1.7) has the following form: 


(1) (1 I) 1) 

A AN i A X] D 
1 j l 

0 AQ AM px (X 

0 AQ .. AG | [xs | = | pl? (6.1.8) 
] } XN l 

Ü. A 2 MUS Wy 


where the superscript (1) denotes step | of Gauss elimination. 

During step 2 we use the second equation in (6.1.8) to eliminate x? from 
the remaining (third, fourth, fifth, and so on) equations. That is, io Mu is 
multiplied by n / AO and subtracted from equation n, for n = 3,4,..., N. 
After step 2, we have 


2 Q 2 2 2 
AQ) AT AC) P5 A’) my yi ) 
2 O . 2 2 
0 AS A Ue AGN X2 y 
2 2 

o 0 Ad. ja pO ius 

0 0 AR UP. . 

2 a XN (2 

During step k, we start with A“~x = y(*-D. The first k of these equa- 


tions, M anguanzeos are left Ant AMA Also, equation k is multi- 
plied by AT ALS and then subtracted from equation n, for n — k 4 1, 
k+2,...,N. 

After (N — 1) steps, we arrive at the equivalent equation AU Ux = 
yN- where AU 7! is upper triangular. 


Gauss elimination and back substitution: direct solution to linear 
algebraic equations 
Solve 
2 9 X2 3 
using Gauss elimination and back substitution. 


SOLUTION Since N = 2 for this example, there is (M — 1) = 1 Gauss elimi- 
nation step. Multiplying the first equation by An/Au = 2/10 and then sub- 
tracting from the second, 
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EXAMPLE 6.2 





X] 6 
= 2 
X2 3 To (©) 


OT 


0 5 X2 1.8 


which has the form AU?x = y(U, where AU) is upper triangular. Now, using 
back substitution, (6.1.6) gives, for k = 2: 





(1) 
x= n = ie = 1) 925 
A» 8 





and, fork = 1, 


XU - Ao _ 6 — (5)(0.225) 


= 0.4875 =E 
(1) 
AN; 10 


X] 


Gauss elimination: triangularizing a matrix 


Use Gauss elimination to triangularize 


2^ 383 V3 [x 5 
4 6 Bh ae] 2]? 
10 12 14| x 9 


SOLUTION There are (N — 1) — 2 Gauss elimination steps. During step 1, 
we subtract A5; /A1; = —4/2 = —2 times equation 1 from equation 2, and we 
subtract A34, /Àj; = 10/2 = 5 times equation 1 from equation 3, to give 





X1 5 
EE) 
x3 9 — (5)(5) 
OT 
2 3 -l] |x 5 
0 12 6] }x] = 17 


0 -3 19 X3 —16 
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which is Ax = y). During step 2, we subtract AQ/AU = —3/12 = —0.25 
times equation 2 from equation 3, to give 





|2 Xi | 3 
X2 = 17 
19 — (—25)(6) | | x3 -16 — (—.25)(17) 
or 
2 3 -I X] 5 
0 12 6 AG [ = 17 
0 0 20.5 X3 —11.75 


which is triangularized. The solution x can now be easily obtained via back 
substitution. E 


Computer storage requirements for Gauss eliminätion and back substi- 
tution include N? memory locations for A and N locations for y. If tbere is 
no further need to retain A and y, then A? can be stored in the location of 
A, and y™), as well as the solution x, can be stored in the location of y. 
Additional memory is also required for iterative loops, arithmetic state- 
ments, and working space. 

Computer time requirements can be evaluated by determining the 
number of gemitum. operations required [Or uss cimination and back 












back ubstihiton requires (N)(N — 1) /2 camila ett N ger and 
(N)(N — 1)/2 subtractions. Therefore, for very large N, the approximate 
computer time for solving (6.1.1) by Gauss elimination and back substitution 
is the time required to perform N?/3 multiplications and / 





plus some additional bookkeeping time for indexing and managing loops. 

Since the power flow problem often involves-solving power systems 
with tens of thousands of equations, by itself Gauss elimination would not 
be a good solution. However, for matrixes that have relatively few nonzero 
elements, known as sparse matrices, special techniques can be employed to 
significantly reduce computer storage and time requirements. Since all large 
power systems can be modeled using sparse matrices, these techniques are 
briefly introduced in Section 6.8. 
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6.2 


ITERATIVE SOLUTIONS TO LINEAR ALGEBRAIC 
EQUATIONS: JACOB! AND GAUSS-SEIDEL 


A general iterative solution to (6.1.1) proceeds as follows. First select an ini- 
tial: guess x(0). Then use 

x(i+ 1) = glx(i)) pex T2 eee (6.2.1) 
where x(i) is the ith guess and g is an N vector of functions that specify the 
iteration method. Continue the procedure until the following stopping condi- 
tion is satisfied: 

X&( + 1) — xi) 
Xk (i) 
where x, (i) is the kth component of x(i) and e is a specified tolerance level. 

The following questions are pertinent: 


<E for all k = 1,2,..., N (6.2.2) 








1. Will the iteration procedure converge to the unique solution? 
2. What is the convergence rate (how many iterations are required)? 


3. When using a digital computer, what are the computer storage and 
time requirements? 


These questions are addressed for two specific iteration methods: Jacobi and 
Gauss—Seidel.* The Jacobi method is obtained by considering the kth equa- 
tion of (6.1.1), as follows: 


yk = AX + Ág2X2 tos cb Angry ooo Ann Xn (6.2.3) 


Solving for xi, 


I 
Xk = Az [ye — (A kixi +e + Agger Xk-1 + Åk ktl Xk bo H ANXN) 
~y f— E 
a yk — 2 Ah — 5 Å knXn (6.2.4) 


n=k+l 

The Jacobi method uses the “old” values of x(i) at iteration i on the right 
side of (6.2.4) to generate the “new” value x,(i + 1) on the left side of (6.2.4). 
That is, 





(6.2.5) 


The Jacobi method given by (6.2.5) can also be written in the following 
matrix format: 


* The Jacobi method is also called the Gauss method. 
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(6.2.6) 





where 





and 
An 0 0. 0 
0 “AsO 64 40 [| 
Ld b hans il : (6.2.8) 
pu 0 
0 0 0 ©- Ayn 


For Jacobi, D-consists of the diagonal elements of the A matrix. 


EXAMPLE 6.3 Jacobi method: iterative solution to linear algebraic equations 


Solve Example 6.1 using the Jacobi method, Start with x1(0) = x5(0) = 0 and 
continue until (6.2.2) is satisfied for e = 10-4 


SOLUTION From (6.2.5) with N — 2, 
k-l P+ ])= [yi -A AL ect fe 5x2(1)| 
= xi (i pim ixi (/)] = 156 — 5xoC 
l l 
k=2 = x(i+ 1) =-— [Dz- Aaixi(d)] =z [3 -2x (5) 
A2? 9 


Alternatively, in matrix format using (6.2.6)-(6.2.8), 


` -S t 
Y RESNE "TAS e 


Yalt D> 7 [m (i) Č 





i 
9 


v (5. Xa)? a COMO The above -two formulations are identical. Starting with x1(0) = x;(0) = 0, 
X ) z e 
Ge iD a) fe iterative solution is given in the following table: 


x,- & 


|i- 1o 
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i 0 | 2 3 4 5 6 7 8 9 10 


x) (7) 0 0.60000 0.43334 0.50000 0.48148 0.48889 0.48683 0.48766 0.48743 0.48752 0.48749 
x2(7) 0 0.33333 0.20000 0.23704 0.22222 0.22634 0.22469 0.22515 0.22496 0.22502 0.22500 


As shown, the Jacobi method converges to the unique solution obtamed in 
Example 6.1. The convergence criterion is satisfied at the 10th iteration, since 





X (10) =A] (9) a 0.48749 — 0.48752 : =. 
x9 i | oma io Sd 
and 
x2(10) — x2(9)| _ 10.22500 — 0.22502| _ p 
ap Bi ula: 0.22502 st a 








Comparing (6.2.9) with (6.2.5), note that Gauss-Seidel is similar to Jacobi 
except that during each iteration, the “new” values, x,(i + 1), for n < k are 
used on the right side of (6.2.9) to generate the “new” value x«(i + 1) on the 
left side. 

The Gauss-Seidel method of (6.2.9) can also be written in the matrix 
format of (6.2.6) and (6.2.7), where 


An O Gm J 
Ás Aa Uo 0 

D=| 0 | (6.2.10) 
Ant Aw) oce Ann 


For Gauss-Seidel, D in (6.2.10) is the lower triangular portion of A, whereas 
for Jacobi, D in (6.2.8) is the diagonal portion of A. 


Gauss-Seidel method: iterative solution to linear algebraic equations 
Rework Example 6.3 using the Gauss-Seidel method. 
SOLUTION From (6.2.9), 


l l , ] , 
k=1 »x(i*l)- ALD - Auxx(i)] = 106 — 5x2(i)} 


| | | 
kaz USED a i Ose Dres oo ss 
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Using this equation for x}{i+ 1), x2(i+ 1) can also be written as 
(i4-1)- 3 : [6 — 5xa(1)] 
wee ce" T0 : 


Alternatively, in matrix format, using (6.2.10), (6.2.6), and (6.2.7): 





0 





x2(i+1) 0 


These two formulations are identical. Starting with x,(0) = x2(0) = 0, the 
solution is given in the following table: 





GAUSS-SEIDEL i 0 | ' 2 H. 4 5 6 


x1 (i) 0 0.60000. 0.50000 0.48889 0.48765 0.48752 0.48750 
xa(1) 0 0.20000 0.2222 0.22469 0.22497 0.22500 0.22500 


For this example, Gauss-Seidel converges in 6 iterations, compared to 10 
iterations with Jacobi. 








EXAMPLE 6.5  Divergence of Gauss-Seidel method 


Using the Gauss-Seidel method with x1(0) = x;(0) = 0, sol» 


Fi 
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SOLUTION Note that these equations are the same as those in Example 6.1, 
except that xı and x2 are interchanged. Using (6.2.9), 


] l 
k=l xli 4 1) 2 — [yi — Avxx()] = = [6 — 10x(À] 
Ail 5 
l l 
k=2 xo(f + 1) = —|[yo — Asp (i+ 1] = = [3 — 9x (i 4 1)] 
Ad 2 


Successive calculations of xy and x, are shown in the following table: 


i 0 2 3 4 5 


x (i) 0 1.2 9 79.2 711 6397 
xli) 0 -3.9 —39 —354.9 —3198 —28786 


The unique solution by matrix inversion is 


fal 7 E zn i zd | 2 | zd u B ben | 
x] 19 | 2] L3] 81-9 5113 0.4875 
As shown, Gauss-Seidel does not converge to the unique solution; instead it 
diverges. We could show that Jacobi also diverges for this example. E 





If any diagonal element Azz equals zero, then Jacobi and Gauss-Seidel 
are undefined, because the right-hand sides of (6.2.5) and (6.2.9) are divided 
by Azz. Also, if any. one diagonal element has too small a magnitude, these 
methods will diverge. In Examples 6.3 and 6.4, Jacobi and Gauss-Seidel 
converge, since the diagonals (10 and 9) are both large; in Example 6.5, how- 
ever, the diagonals (5 and 2) are small compared to the off-diagonals, and the 
methods diverge. _ 

In general, convergence of Teoh or Gauss-Seidel can be evaluated by 
recognizing that (6.2.6) represents a digital filter with input y and output x(z). 
The z-transform of (6.2.6) may be employed to determine ‘the filter transfer 
function and its poles. The output x(Z) converges if and only if al] the filter 
poles have magnitudes less than 1 (see Problems 6.16, 6.17, and 6.18). 

Rate of.convergence is also established by the filter poles. Fast conver- 
gence is obtained when the magnitudes of all the poles are small. In addition, 
experience with specific A matrices has shown that more iterations are re- 
quired for Jacobi and Gauss—Seidel as the dimension N increases. 

Computer storage requirements for Jacobi include N? memory loca- 
tions for the A matrix and 3N locations for.the vectors y, x(i), and x(i + 1). 
Storage space is also required for loops, arithmetic statemerits, and working 
space to compute (6.2.5). Gauss-Seidel] requires N fewer memory locations, 
since for (6.2.9) the new value x;(i+ 1) can be stored in the location of the 
ld value x;(i). 
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6.3 


Computer time per iteration is relatively small for Jacobi and Gauss- 
Seidel. Inspection of (6.2.5) or (6.2.9) shows that N? multiplications/divisions 
and N(N — 1) subtractions per iteration are required [one division, (N — 1) 
multiplications, and (N — 1) subtractions for each k = 1,2,...,N]. But as 
was the case with Gauss elimination, if the matrix is sparse (1.e., most of the 
elements are zero), special sparse matrix algorithms can be used to substan- 
tially decrease both the storage requirements and the computation time. 


ITERATIVE SOLUTIONS TO NONLINEAR ALGEBRAIC 
EQUATIONS: NEWTON-RAPHSON 


A set of nonlinear algebraic equations in matrix format 1s given by 


Ax) 
f(x) = t -y : (6.3.1) 
JN(x) 


where y and x are N vectors and. f(x) is an N vector of functions. Given y 
and f(x), we want to solve for x. The iterative methods described in Section 
6.2 can be extended to nonlinear equations as follows. Rewriting (6.3.1), 


0 = y — f(x) (6.3.2) 
Adding Dx to both sides of (6.3.2), where D is: a square N x N invertible 
matrix, 

Dx = Dx + y —f(x) (6.3.3) 
Premultiplying by D7}, 

x = x + D'l|y - f(x) (6.3.4) 
The old values x(i) are used on the right side of (6.3.4) to generate the new 
values x(i + 1) on the left side. That is; 

x(i + 1)-= x(i) + D7! (y — f[x(i)]) (6.3.5) 

For linear equations, f(x) — Ax and (6.3.5) reduces to 

x(i+ 1) = x(i) + D7! [y — Ax()] = D'!(D— A)x(i) + D^!y (6.3.6) 
which is identical to the Jacobi and Gauss-Seidel methods of (6.2.6). For 
nonlinear equations, the matrix D in (6.3.5) must be specified. 


One method for specifying D, called Newton- Raphson, is based on the 
following Taylor series expansion of f(x) about an operating point Xo. 
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(x — xo): (6.3.7) 


X=X0 





af 
y=f(xo) +7 


Neglecting the higher order terms in (6.3.7) and solving for x, 


=| 
i | [y — f(xo)] (6.3.8) 





med 
=a ax 


The Newton-Raphson method replaces xo by the old value x(i) and x by the 
new value x(i + 1) in (6.3.8). Thus, 


x(i--1)2x(i)-4J^'((y —f[x(i)]) (6.3.9) 
where 
E e oo, eui: 
Ox 0X» OÓXN 
P a ho h 
K) = a d i = (6.3.10) 
Ox Ox> ÓXN x=x(i) 


The N x N matrix J(i), whose elements are the partial derivatives shown in 
(6.3.10), is called the Jacobian matrix. The Newton-Raphson method is sim- 
ilar to extended Gauss-Seidel, except that D in (6.3.5) is replaced by J(i) in 
(6.3.9). 


Newton-Raphson method: solution to polynomial equations 


Solve the scalar equation f(x) = y, where y=9 and f(x) =x’. Starting 
with x(0) = 1, use (a) Newton-Raphson and (b) extended Gauss-Seidel with 
D = 3 until (6.2.2) is satisfied for e = 1074. Compare the two methods. 


SOLUTION 
a. Using (6.3.10) with f(x) = x’, 


ES) 


x-x(i) 


= 2 
x=x(i) 








(i) = = (x?) 


Using J(i) in (6.3.9), 
x(i4- 1) = x(i) "xg? ~ x*(i)] 


Starting with x(0) = 1, successive calculations of the Newton-Raphson 
. equation are shown in the following table: 
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NEWTON- i 0 l 2 3 4 5 
RAPHSON: (a E ee 
x(i) l 5.00000 3.40000 3.02353 3.00009 3.00000 


b. Using (6.3.5) with D = 3, the Gauss—Seidel method is 
x(i 4-1) = x(i) - 19 — x?(1)] 


The corresponding Gauss-Seidel calculations are as follows: 


GAUSS-SEIDEL i 0 l 2 3 4 5 6 
De nn SS SS SS EE E 
xi) — 1 3.66667 2.185310 3.59351 2.28908 3.94245 2.35945 


As shown, Gauss-Seidel oscillates about the solution, slowly converg- 
ing, whereas Newton-Raphson converges in five iterations to the solution 
x = 3. Note that if x(0) is negative, Newton-Raphson converges to the neg- 
ative solution x = —3. Also, it is assumed that the matrix inverse J^! exists. 
Thus the initial value x(0) — 0 should be avoided for this example. B 

EXAMPLE 6.7 Newton-Raphson method: solution to nonlinear algebraic equations 
Solve 
X] T x» 15 4 
= x(0) = 

| X12 | E i H 
Use the Newton-Raphson method starting with the above x(0) and continue 
until (6.2.2) is satisfied with e = 1074. | 


SOLUTION Using (6.3.10) with f| = (xj + x2) and fo = xix, 


-J -fee = 
 |»(0 | SG 1 


x=x(1} X) (i) = x2(1) 


-] 
ah 


OX 


of 
Oxy 


on 


Ox] 

















Ox> 
Using J(i)~' in (6.3.9), 
oe 4 - wA n | xi(i) =| pe e 
x5(i 4- 1) x2(1) —x»x(1) ] 50 — x1(i)xa(1) 
X] (i) — X2 (i) 


Writing the preceding as two separate equations, 
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xı (i) = xo(i) 
Ln ovs a XXXOILS — o) — 20] + [50 — x) 0)] 
x2(i+ 1) = x2(i) a egy REED 


Successive calculations of these equations are shown in the following table: 


xi( 4-1) 2 xi(2) + 


TE : 0 | 2 3 | 4 


xD 4 , -5.20000 4.99130 | 4.99998 5.00000 


xo(i) 9 :9.80000 10.00870 10.00002 10.00000 


Newton-Raphson converges in four iterations for this example. | 


Equation (6.3.9) contains the matrix inverse J^. Instead of computing 
J^, (6.3.9) can be rewritten as follows: 


J(i)Ax(i) = Ay(i) ` (6;3.11) 
where 

Ax(i) = x(i+ 1) - x(i) (6.3.12) 
and 

Ay(i) = y - fíx(i)] (6.3.13) 


Then, during each iteration, the following four steps are completed: 
STEP | Compute Ay(i) from (6.3.13). 
STEP2 Compute J(i) from (6.3.10). 


STEP 3 Using Gauss elimination and back substitution, solve (6.3.11) 
for Ax(i). 


STEP 4 Compute x(i 4- l) from (6.3.12). 


EXAMPLE 6.8 | Newton-Raphson method in four steps 


Complete the above four steps for the first iteration of Example 6.7. 


SOLUTION 


STEP! Ay(0) = y — f[x(0)) = a 5 p B P 


STEP 2 wo =| ! zeke) : 
Lxx | mo} |o | 4 
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STEP 3 Using Ay(0) and J(0), (6.3.11) becomes 
] 1| | Axi(0) 2 
Pad ne 7 Lu] 
Using Gauss elimination, subtract Ja /Ju =9/1 =9 times 
the first equation from the second equation, giving 


I 1 | T Ax; (0) 2 
0 —~5}}Ax(0)} |-4 
Solving by back substitution, 


—4 
Ax(0) = = 0.8 





Axi(0) 22—0.82 12 


STEP 4 x(l)— x(0) + Ax(0) = H * ie 7 bey 


This is the same as computed in Example 6.7. [.] 


Experience from power-flow studies has shown that Newton-Raphson 
converges in many cases where Jacobi and Gauss-Seidel diverge. Further- 
more, the number of iterations required for convergence is independent of 
the dimension N for Newton-Raphson, but increases with N for Jacobi and 
Gauss-Seidel. Most Newton-Raphson power-flow problems converge in 
fewer than ten iterations [1]. 


6.4 





THE POWER-FLOW PROBLEM 











The starting point for a power-flow problem is a single-line diagram of 
the power system, from which the input data for computer solutions can be 
obtained. Input data consist of bus data, transmission line data, and trans- 
former data. 

As shown in Figure 6.1, the following four variables are ássociated with 
each bus k: voltage magnitude V;, phase angle 6;, net real power P}, and re- 
active power Q, supplied to the bus. At each bus, two of these variables ate 
specified as input data, and the other two are unknowns to be computed by 
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FIGURE 6.1 


Bus variables V,, ôk, Px, To other buses 


and Qi 


V, = Vy [6k 





e^ 


the power-flow program. For convenience, the power delivered to bus k in 
Figure 6.1 is separated into generator and load terms. That ts, 


(6.4.1) 





I^ Swing bus (or slack bus)— There is only one swing bus, which for 
convenience is numbered bus 1 in this text. The swing bus is a refer- 
ence bus for which V,/ó;, typically 1.0/0? per unit, is input data. 
The power-flow program computes P, and Qj. l 


s» Load bus—P, and Qx are input data. The power-flow program 
computes V, and ó,. Most buses in a typical power-flow program are 
load buses. 


t; Voltage controlled bus—P; and V, are input data. The power-flow 
program computes Q, and ó,. Examples are buses to which gen- 
erators, switched shunt capacitors, or static var systems are con- 
nected. Maximum and minimum var limits QGkmax and QGkmin that 
this equipment can supply are also input data. Another example is a 
bus to which a tap-changing transformer is connected; the power- 
flow program then computes the tap setting. 


Note that when bus k is a load bus with no generation, P, = —Py, is 
negative; that is, the real power supplied to bus k in Figure 6.1 is negative. If 
the load is inductive, Q} = —Qy, is negative. 

Transmission lines are represented by the equivalent z circuit, shown 
in Figure 5.7. Transformers are also represented by equivalent circuits, as 
shown in Figure 3.9 for a two-winding transformer, Figure 3.20 for a three- 
winding transformer, or Figure 3.25 for a tap-changing transformer. 
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Input data for each transmission line include the per-unit equivalent x 
circuit series impedance Z’ and shunt admittance Y', the two buses to which 
the line is connected, and maximum MVA rating. Similarly, input data for 
each transformer include per-unit winding impedances Z, the per-unit excit- 
ing branch admittance Y, the buses to which the windings are connected, and 
maximum MVA ratings. Input data for tap-changing transformers also in- 
clude maximum tap settings. 

The bus admittance matrix Yyy, can be constructed from the line and 
transformer input data. From (2.4.3) and (2.4.4), the elements of Y, are: 





Off-diagonal elements: Y,,, = — (sum of admittances connected 
between buses & and 7) 
kn (6.4.2) 





Power-flow input data and Ypus 


Figure 6.2 shows a single-line diagram of a five-bus power system. Input data 
are given In Tables 6.1, 6.2, and 6.3. As shown in Tablé 6.1, bus 1, to which a 
generator is connected, is the swing bus. Bus 3, to which a generator and a 
load are connected, is a voltage-controlled bus. Buses 2, 4, and 5 are load 
buses. Note that the loads at buses 2 and 3 are inductive since Q, = —Qj; = 
—2.8 and [3 — —0.4 are negative. 






SOLUTION The input data and unknowns are listed in Table 6.4. For bus 1, 
the swing bus, P, and Q; are unknowns. For bus 3, a voltage-controlled bus, 


FIGURE 6.2 T2 







Single-Iine diagram for T1 
Example 6.9 BI 
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Line input data for 
Example 6.9 


TABLE 6.3 


Transformer input data 
for Example 6.9 


TABLE 6.4 


Input data and 


unknowns for Example 
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V Fae Qe PL QL — Qama  QGmin 
per Ô . per per per per per per 
Bus Type unit degrees unit unit unit unit unit unit 
l Swing 1.0 0 — — 0 0 — — 
= Load — = 0 8.0 2.8 — = 
3 Constant aoo — = dare = 0.8 0.4 4.0 —2.8 
voltage i . 
4 Load z= = 0 0 0 0 = = 
5 Load — — 0 0 0 0 — — 
* Sy = 100 MVA, Vp, = 15 kV at buses 1, 3, and 345 kV at buses 2, 4, 5 
| Maximum 
R' x’ G’ B’ MVA 
Bus-to-Bus per unit per unit per unit per unit per unit 
2-4 0.0090 0.100 0 1.72 12.0 
2-5 0.0045 , 0.050 0 0.88 12.0 
4-5 0.00225 0.025 0 0.44 12.0 
Maximum 
R X G. Bm Maximum TAP 
per per per per MVA Setting 
Bus-to-Bus unit unit unit unit per unit per unit 
1-5 0.00150 0.02 0 0 6.0 — 
3-4 0.00075 0.01 0 0 10.0 = 
Bus Input Data Unknowns 
l Vi 21.0,01 =0 Pi, Qi 
Q2 = Qaz - Qui = -28 
3 V3 = 1.05 Qs, 03 
P, = Po; — Pia = 4.4 
4 Py = 0, Qa = 0 Va, ô4 
5 V5, ðs 


P; = 0, Qs = 0 


Q; and ô are unknowns. For buses 2, 4, and 5, load buses, V2, V4, Vs and 
63, 04, O5 are unknowns. 

The elements of Yous are computed from (6.4.2). Since buses 1 and 3 are 
not directly connected to bus 2, 


Yj = Y3 = 0 
Using (6.4.2), 


U S 
W < x SECTION 6.4 THE POWER-FLOW PROBLEM 309 
4 
"s ot = = : | 
r — r = ——— = —0.89276 + J9.91964 per unit 


NS 2 ^ RAh-jXQ 000 + 70.1 
\ an 


ao k = 9.95972/95.143? per unit 


Ww i 
^ —] -1 


Y = =—— — o————————— 
RI + jX}; 0.0045 + 70.05 


= —1.78552 + j19.83932 per unit 


= 19,9195/95.143° per unit 

| l B; : 
DEN NEE SEDE a 
Ruy + FXbq RAc-JX4 d we 


1.7 0. 
= (0.89276 — j9.91964) + (1.78552 — j19.83932) E + gees 


/ 2 2 


i = 2.67828 — 728.4590 = 28.5847/ —84.624^ per unit 
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where half of the shunt admittance of each line connected to bus 2 is included 
in Y» (the other half is located at the other ends of these lines). 

This five-bus power system is modeled in PowerWorld Simulator case 
Example 6. 9. To view the input data, first click on the Edit Mode button to 
switch into the Edit mode (the Edit mode is used for modifying system pa- 
rameters). Using the Case Information menu, you can view tabular displays 
showing the various parameters for the system. For example, Select Case 
Information, Buses... to view the parameters for each bus, and Case Infor- 
mation, Lines and Transformers... to view the parameters for the lines and 
transformer values. Fields shown in blue can be directly changed simply by 
typing over them, and those shown in green can be toggled by clicking on 
them. 

The elements of the Yus can also be display by selecting Case Infor- 
mation, Solution Details, Yy,,. Since the Ybu; entries are derived from other 
system parameters, they cannot be changed directly. Notice that several of 
the entries are blank, indicating that there is no line directly connecting these - 
two buses (a blank entry is equivalent to zero). For larger networks, most of 
the elements of the Y y, are zero since any single bus usually only has a few 
incident lines. The elements of the Yju; can be saved in a Matlab format file 
by first right-clicking within the Ybus matrix to display the local menu, and 
then selecting Save Ybus in Matlab Format" from the menu. 

Finally, notice that no flows are shown on the one-line, because the 
nonlinear power-flow equations have not yet been solved. We cover the solu- 
tion of these equations next. E 


Using Ypus, we can write. nodal equations for a power system network, 
as follows: 


L= Yuk (6.4.3) 
where J is the N vector of source currents injected into each bus and V is the 
N vector of bus voltages. For bus k, the kth equation in (6.4.3) is 


N 
Ie = X YaV, (6.4.4) 
n=] 


The complex power delivered to bus X is 
Sk = Py + jQ, = V, (6.4.5) 


Power-flow solutions by Gauss-Seidel are based on nodal equations, (6.4.4), 
where each current source i, is calculated from (6.4.5). Using (6.4.4) in 


(6.4.5), 


N * 
P, + jQ, = V, bs Yen «| k=1,2,...,N (6.4.6) 


n=] 
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With the following notation, 
V, = V,e/^ (6.4.7) 
Y Y pn el or = Ge, + J Ben R= Ne? M (6.4.8) 
(6.4.6) becomes | 
N 
P, + IQ: E Vk ` Y gn Vel 9797 0o) | (6.4.9) 


n-1 


Taking the real and imaginary parts of (6. 4.9), we can write the power bal- 
ance equations as either 


D, = Vt y Yin Yn cos(ôk = On = Okna) | (6.4.10) 
n-l 
E | 
= Ve S| YisVssin(óy — Ôn — Om)  k=1,2,..., N (6.4.11) 
n=1 


or when the Yp is expressed in rectangular coordinates- by 


N 
Px = Vy X Vn[Gen cos(ðk — ôn) + Ben sin(ôk — ôn )] (6.4.12) 


n=) 


Qy - Vk Y^ Vs[Gi IR On) — Bin cos(Ó — ôn) k=1,2,...,N 
ri | (6.4.13) 
Power-flow solutions by Newton-Raphson are based on the nonlinear power- 


flow equations given by (6.4.10) and (6.4.11) [or alternatively by (6.4. 12) and 
(6.4.13)]. 





POWER-FLOW SOLUTION BY GAUSS-SEIDEL 


Nodal equations J = YyV are a set of linear equations analogous to y = Ax, 
solved in Section 6.2 using Gauss-Seidel. Since power-flow bus data consists 
of P, and Q; for load buses or Py and V, for voltage-controlled buses, nodal 
equations do not directly fit the linear equation format; the current source 
vector 7 is unknown and the equations are actually nonlinear. For each load 
bus, 7, can be calculated from (6.4.5), giving 


h = i (6.5.1) 
7 | 
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EXAMPLE 6.10 


Applying the Gauss-Seidel method, (6.2.9), to the nodal equations, with 7; 
given above, we obtain 


(6.5.2) 





Equation (6.5.2) can be applied twice during each iteration for load buses, 
first using V;*(i), then replacing VW(i), by V^(i-- 1) on the right side of 
(6.5.2). l 

_ For a voltage-controlled bus, Q; is unknown, but can be calculated 
from (6.4.11), giving 


(6.5.3) 





~ Also, 


Qar = Qr + Quk 


If the calculated value of Qg; does not exceed its limits, then Q, is used 
in (6.5.2) to calculate V (i-- 1) = V«(i + 1)/0&(i - 1). Then the magnitude 
V, (i + 1) 1s changed to Vg, which is input data for the voltage-controlled bus. 
Thus we use (6.5.2) to compute only the angle 6,(i+ 1) for voltage-controlled 
buses. 

If the calculated value exceeds its limit QGkmax Or QGkmin during any 
iteration, then the bus type 1s changed from a voltage-controlled bus to a 
load bus, with Qe, set to its limit value. Under this condition, the voltage- 
controlling device (capacitor bank, static var system, and so on) is not capa- 
ble of maintaining V; as specified by the input data. The power-flow program 
then calculates a new value of V;. 

For the swing bus, denoted bus 1, Vi and d; are input data. As such, no 
iterations are required for bus 1. After the iteration process has converged, 
one pass through (6.4.10) and (6.4.11) can be made to compute P, and Qi. 


Power-flow solution by Gauss-Seidel 


For the power system of Example 6.9, use Gauss-Seidel to calculate V5(1), 
the phasor voltage at bus 2 after the first iteration. Use zero initia] phase 
angles and 1.0 per-unit initial voltage magnitudes (except at bus 3, where 
V; = 1.05) to start the iteration procedure. 


SOLUTION Bus 2 is a load bus. Using the input data and bus admittance 
values from Example 6.9 tn (6.5.2), 
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l [Po-J 
V(t) = — aa = | Y>1 V 95 Y V3(0) + Ya V4(0) + Ya so} 
Y5 V^ (0) 
B l —8 — j(—2.8) 
—. 28.5847/ —84.624* 1.0/0? 


= (= 1,78552«5719:83932) 010) + (-0,89276-+79.91964)(1.0) 
_ (=8 + j2.8) — (—2.67828 + 729.7589) 
" 28.5847/ —84.624° 
= 0.96132/~16.543° per unit 


Next, the above value is used in (6.5.2) to recalculate V(1): 


1 -8 + j2.8 
~ 28.5847/ — 84.6245 0.96132/16.543^ 


— (—2.67828 + j29.75828]\ 


V2(1) 


—4.4698 — 724.5973 


= "28.5847/—84.624° = 0.87460, —15.675 per unit 


Computations are next performed at buses 3, 4, and 5 to complete the first 
Gauss-Seidel iteration. 

To see the complete convergence of this case, open PowerWorld 
Simulator case Example 6 10. By default, PowerWorld Simulator uses the 
Newton-Raphson method described in the next section. However, the case 
can be solved with the Gauss-Seidel approach by selecting Simulation, Gauss- 
Seidel Power Flow. To avoid getting stuck in an infinite loop if a case does 
not converge, PowerWorld Simulator places a limit on the maximum number 
of iterations. Usually for a Gauss-Seidel procedure this number is quite high, 
perhaps equal to 100 iterations. However, in this example to demonstrate the 
convergence characteristics of the Gauss-Seidel method it has been set to a 
single iteration, allowing the voltages to be viewed after each iteration. To 
step through the solution one iteration at a time, just repeatedly select Simu- 
lation, Gauss—Seidel Power Flow. 

A common stopping criteria for the Gauss-Seidel is to use the scaled 
difference in the voltage from one iteration to the next (6.2.2). When this dif- 
ference 1s below a specified convergence tolerance e for each bus, the problem 
is considered solved. An alternative approach, implemented in PowerWorld 
Simulator, 1s to examine the real and reactive mismatch equations, defined as 
the difference between the right- and left-hand sides of (6.4.10) and (6.4.11). 
PowerWorld Simulator continues iterating until all the bus mismatches are 
below an MVA (or kVA) tolerance. When single-stepping through the solu- 
tion, the bus mismatches can be viewed after each iteration on the Case 
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Information, Mismatches display. The solution mismatch tolerance can be 
changed on the Power Flow Solution page of the PowerWorld Simulator 
Options dialog (select Options, Simulator Options, then select the Power Flow 
Solution category to view this dialog); the maximum number of iterations 
can also be changed from this page. A typical convergence tolerance is about 
0.5 MVA. 
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6.6 
 POWER-FLOW SOLUTION BY NEWTON-RAPHSON 


Equations (6.4.10) and (6.4.11) are analogous to the nonlinear equation 
y = f(x), solved in Section 6.3 by Newton-Raphson. We define the x, y, and 
f vectors for the power-flow problem as 
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62 P? 
ô ÔN 4 Py 
x= ET E Ls Tm , 
V V2 Q Q; 
Vy Qy 
P2(x) 
f(x) = pa a EN (6.6.1) 
Q(x) | Q(x) 
Q (x) 


where all V, P, and Q terms are in per-unit and ô terms are in radians. The 
swing bus variables 6, and V; are omitted from (6.6.1), since they are already 
known. Equations (6.4.10) and (6.4.11) then bave the following form: 


N 
y, = Ph = Pr (x) = Ve X Yi, Vs cos(óy — ôn — Pen) (6.6.2) 


n=l 


| . | 
Vern = Qk = Q(X) = Ve 7 Ya V, sin(&g — On — Orn) 


n=1 
k 22,3,...,N | (6.6.3) 
The Jacobian matrix of (6.3.10) has the form 
J1 = X2 


(6.6.4) 
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TABLE 6.5 n#k 


OP, 
Jlj, = —— = Ve YO V, sin(ós — Oy — Oy, 
Elements of the lk oo MN sin (dx Orn) 


Jacobian matrix OP, 
Jn = =E = Ve Vin Cos(óy — Ôn — Bi) 
OV, 
dQ, 
Ben = EH EACUS 
H 
5v, 
n=k 
J) ML Y V,  sin(ày — 0, — 0,4) 
kk — BO; am k kn Yn k kn 
22 
J2 T E Ya Vs con — à, — 8j) 
kk = QV, ALkk S OLE Kn 0 k T Un 7 Okn 


nel 


i= = te = Vi 2 Yn V, cos(ó, — 0; — Orn) 


Hey 


^ N 
Gg í : 
J444 = x = ~V Y ix Sin Ork + , Yin Yi sin{d, -= On = Bkn) 


n=) 


k,n22,3,...,N 


Equation (6.6.4) is partitioned into four blocks. The partial derivatives in 
each block, derived from (6.6.2) and (6.6.3), are given in Table 6.5. 

We now apply to the power-flow problem the four Newton-Raphson 
| ó(1) 


V 4 at the ith iteration. 


steps outlined in Section 6.3, starting with x(i) = | 


Use (6.6.2) and (6.6.3) to compute 








i AP (i) | | P — P[x(i)] | 
Ay(i) — x pm 6.6.5 
ra= [400] = [o - oixo "m 
 STEP2 Use the equations in Table 6.5 to calculate the Jacobian 
matrix. 
. STEP3 Use Gauss elimination and back substitution to solve 
J1(i J2(i Ad(i AP(i 
O | RAJTA] [APO "- 
J3(i) J4(i) | | AV(1) AQ(i) 


STEP 4 Compute 


aeo- [Ao = AE) [BRO] S 


Starting with initial value x(0), the procedure continues until convergence is 
obtained or until the number of iterations exceeds a specified maximum. Con- 
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vergence criteria are often based on Ay(i) (called power mismatches) rather: 
than on Ax(i) (phase angle and voltage magnitude mismatches), 

For each voltage-controlled bus, the. magnitude V, is already known, 
and the function Q,(x) is not needed. Therefore, we could omit V; from the 
x vector and Q, from the y vector. We could also omit from the Jacobian 
matrix the column corresponding to partial derivatives with respect to Vi and 
the row corresponding to partial derivatives of Q,(x). Alternatively, rows 
and corresponding columns for voltage-controlled buses can be retained in 
the Jacobian matrix. Then during each iteration, the voltage magnitude 
Vi (i + 1) of each voltage-controlled bus is reset to Vg, which is input data for 
that bus. 

At the end of each iteration, we compute Q, (x) from (6.6.3) and Qa, = 
Q, (x) -- Qi, for each voltage-controlled bus. If the computed value of Qc, 
exceeds its limits, then the bus type is changed to a load bus with Qo, set to 
its limit value. The power-flow program also computes a new value for Vz. 


EXAMPLE 6.11 Jacobian matrix and power-flow solution by Newton-Raphson 


Determine the dimension of the Jacobian matrix for'the power system in 
Example 6.9. Also calculate AP? (0) in Step 1 and J154(0) is Step 2 of the first 
Newton-Raphson iteration. Assume zero initial phase angles and 1.0 per- 
unit initial voltage magnitudes (except V4 — 1.05). 


SOLUTION Since there are N = 5 buses for Example 6.9, (6.6.2) and (6.6.3) 

constitute 2(N — 1) = 8 equations, for which J(i) has dimension 8 x 8. How- 

ever, there is one voltage-controlled bus, bus 3. Therefore, V3 and the equa- 

tion for Q4(x) could be eliminated, with J(i) reduced to a 7 x 7 matrix. 
From Step | and (6.6.2), ` 


AP;(0) = P; — P5(x) = P; — V2(0){Y21 Vi cos[ó2(0) — ó1(0) — 051] 
+ Y33V» cos[-625] + Y23V3 cos[52(0) — ó3(0) — 653] - 
+ Yo4V4 cos[62(0) — 54(0) — 64] 
+ YosVs cos|d2(0) — 65(0) — 055]) 
AP, (0) = —8.0 — 1.0{28.5847(1.0) cos(84.624°) 
+ 9.95972(1.0) cos(—95.143°) 
+ 19.9159(1.0) cos(—95.143°)} 
= —8.0 — (~2.89 x 1074) = —7.99972 per unit 
From Step 2 and J1 given in Table 6.5 
J1a4(0) = V2(0)¥24V4(0) sin{62(0) —ó4(0) — 624] 
= (1.0)(9.95972)(1.0) sin[—95.143°] 
= —9.91964 per unit 
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TABLE 6.6 


Bus output data for the 
power system given in 


Example 6.9 
TABLE 6.7 
Line output data for the 
power system given in 
Example 6.9 

/ 
TABLE 6.8 


Transformer output data 
for the power system 
given in Example 6.9 


To see the complete convergence of this case, open PowerWorld Simulator 
case Example 6_11. Select Case Information, Mismatches to see the inittal mis- 
matches, and Case Information, Solution Details, Power Flow Jacobian to view 
the initial Jacobian matrix. As is common in commercial power flows; Power- 
World Simulator actually includes rows in the Jacobian for voltage-controlled 
buses. When a generator is regulating its terminal voltage, this row corre- 
sponds to the equation setting the bus voltage magnitude equal to the genera- 
tor voltage setpoint. However, if the generator hits a reactive power limit, the 
bus type 1s switched to a load bus. 

To step through the Newton-Raphson solution, select Simulation, 
Polar NR Power Flow. As in Example 6.10, the maximum number of iter- 
ations has been set to 1, allowing the voltages, mismatches, and Jacobian to 
be viewed after each iteration. The power flow should converge to the Tables 
6.6, 6.7, and 6.8 solution in three iterations. 


Generation Load 

Voltage Phase PG . QG PL QL 
Magnitude Angie (per (per (per (per 
Bus # (per unit) (degrees) unit) unit) unit) unit) 
l 1.000 0.000 3.948 ^ LIM 0.000 0.000 
2 0.834 —22.407 0.000 0.000 8.000 2.800 
3 [.050 —0.597 5.200 3.376 0.800 0.400 
4 1.019 —2.834 0.000 0.000 0.000 0.000 
5 0.974 —4.548 0.000 0.000 0.000 0.000 
TOTAL 9.148 4.516 8.800 3.200 

Line # Bus to Bus P Q S 
l 2 4 —2.920 — 1.392 3.232 
4 2 f 3.036 1.216 3.272 
2 2 5 — 5.080 — 1.408 5.272 
5 2 5.256 2,632 5.876 
3 4 5 1.344 1.504 2.016 
S 4 —1.332 — 1.824 2.260 

Tran. # Bus to Bus P Q S 
1 l 5 3.948 . 1.144 4.112 
5 l —3.924 —0,804 4.004 
2. 3 4 4.400 2.976 5.312 
4 3 —4.380 —2.720 5.156 
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Screen for Example 6.11, showing Jacobian matrix at first iteration i 


EXAMPLE 6.12 Power-flow program: change in generation 


Using the power-flow system given in Example 6_9, determine the acceptable 
generation range at bus 3, keeping each line and transformer loaded at or 
below 100% of its MVA limit. 


SOLUTION Load PowerWorld Simulator case Example 6_9. Select Single 
Solution to perform a single power-flow solution using the Newton—Raphson 
approach. Then view the Case Information displays to verify that the Power- 
World Simulator solution matches the solution shown in Tables 6.6, 6.7, and 
6.8. Additionally, the pte charts on the one-lines show the percentage line and 
transformer loadings. Initially transformer T1, between buses 1 and 5, is 
loaded at about 68% of its maximum MVA limit, while transformer T2, be- 
tween buses 3 and 4, 1s loaded at about 539^. 

Next, the bus 3 generation needs to be varied. This can be done a num- 
ber of different ways in PowerWorld Simulator. The easiest (for this example) 


320 CHAPTER 6 POWER FLOWS 


irem Simulator 4.0 GPF ATC. 











1.000 0.972 Ñi 
0.000 Deg -6.821 Deg ib 
^ 


is to use the bus 3 generator MW one-line field to manually change the gen- 
eration. Right-click on the “520 MW” field to the right of the bus 3 generator 
and select ‘Generator Field Information’ dialog to view the ‘Generator Field 
Options’ dialog. Set the “Delta Per Mouse Click" field to 10 and select OK. 
Small arrows are now vistble next to this field on the one-line; clicking on the 
up arrow increases the generator’s MW output by LO MW, while clicking on 
the down arrow decreases the generation by 10 MW. Select Simulation, Solve 
and Animate to begin the simulation. Increase the generation until the pie 
chart for the transformer from bus 3 to 4 is loaded to 100%. This occurs at 
about 1000 MW. Notice that as the bus 3 generation is increased the bus | 
slack generation decreases by a similar amount. Repeat the process, except 
now decreasing the generation. This unloads the transformer from bus 3 to 4, 
but increases the loading on the transformer from bus 1 to bus 5, The bus 1 
to 5 transformer should reach 100% loading with the bus 3 generation equal 
to about 330 MW. 
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Screen for Example 6.12, Minimum Bus 3 Generator Loading |n 


EXAMPLE 6.13 
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Voltage-controlled buses to which tap-changing or voltage-regulating 
transformers are connected can be handled by various methods. One method 
Is to treat each of these buses as a load bus. The equivalent z circuit param- 
eters (Figure 3.25) are first calculated with tap setting c — 1.0 for starting. 
During each iteration, the computed bus voltage magnitude 1s compared with 
the desired value specified by the input data. If the computed voltage is low 
(or high), c is increased (or decreased) to its next setting, and the parameters 
of the equivalent z circuit as well as Yyy, are recalculated. The procedure 
continues until the computed bus voltage magnitude equals the desired value 
within a specified tolerance, or until the high or low tap-setting limit is 
reached. Phase-shifting transformers can be handled in a similar way by using 
a complex turns ratio c = 1.0/a, and by varying the phase-shift angle a. 

A method with faster convergence makes c a variable and includes it in 
the x vector of (6.6.1). Àn equation is then derived to enter into the Jacobian 
matrix [4]. 

In comparing the Gauss-Seidel and Newton-Raphson algorithms, expe- 
rience from power-flow studies has shown that Newton-Raphson converges 
in many cases where Jacobi and Gauss-Seidel diverge. Furthermore, the 
number of iterations required for convergence is independent of the number 
of buses N for Newton-Raphson, but increases with N for Jacobi and Gauss- 
Seidel. The principal advantage of the Jacobi and Gauss-Seidel methods had 
been their more modest memory storage requirements and their lower com- 
putational requirements per iteration. However, with the vast increases in 
low-cost computer memory over the last several decades, coupled with the 
need to solve power-flow problems with tens of thousands of buses, these ad- 
vantages have been essentially eliminated. Tberefore the Newton-Raphson, 
or one of the derivative methods discussed in Sections 6.9 and 6.10, are the 
preferred power-flow solution approaches. 


Power-flow program: 37-bus system 


To see a power-flow example of a larger system, open PowerWorld Simulator 
case Example 6 13. This case models a 37-bus, 9-generator power system 
containing three different voltage levels (345 kV, 138 kV, and 69 kV) with 57 
transmission lines or transformers. The one-line can be panned by pressing 
the arrow keys, and it can be zoomed by pressing the <ctrl> with the up arrow 
key to zoom in or with the down arrow key to zoom out. Use Simulation, 
Solve and Animate to animate the one-line and Simulation, Stop Solution 
Animation to stop the animation. 

Determine the lowest per-unit voltage and the maximum line/trans- 
former loading both for the initia] case and for the case with the line from 
bus TIM69 to HANNAH69 out of service. 


SOLUTION Select Single Solution to initially solve the power flow, and then 
Case Information, Buses... to view a listing of all the buses in the case. To 
quickly determine the lowest per-unit voltage magnitude, left-click on the PU 
Volt column header to sort the column (clicking a second time reverses the 
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Screen for Example 6.13 showing the initial flows 


sort). The lowest initial voltage magnitude is 0.9902 at bus DEMAR 690. 
Next, select Case Information, Lines and Transformers... to view the Line 
and Transformer Records display. Left-click on % of Max Limit to sort the 
lines by percentage loading. Initially the highest percentage loading 1s 64.9% 
on the line from UIUC69 to BLT69 circuit f. 

There are several ways to remove the TIM69 to HANA69 line. One 
approach is to locate the line on the Line and Transformer Records display 
and then double-click on the Status field to change its value. An alternative 
approach is to find the line on the one-line (it is in the upper-lefthand por- 
tion) and then click on one of its circuit breakers. Once the line 1s removed, 
use Single Solution to resolve the power flow. The lowest per-unit voltage is 
now 0.9104 at AMANDA69 and the highest percentage line loading is 
134.8%, on the line from HOMER 69 to LAUF69. Since there are now sev- 
era] bus and line violations, the power system is no longer at a secure operat- 
ing point. Control actions and/or design improvements are needed to correct 
these problems. Design Próject 1 discusses these options. gj 
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FIGURE 6.3 


Generator Thévenin 
equivalent 


CONTROL OF POWER FLOW 


The following means are used to control system power flows: 
1. Prime mover and excitation control of generators. 


2. Switching of shunt capacitor banks, shunt reactors, and static var 
systems. i 


3. Control of tap-changing and regulating transformers. 


A simple model of a generator operating under balanced steady-state 
conditions is the Thévenin equivalent shown in Figure 6.3. V, is the generator 
terminal voltage, E, is the excitation voltage, ô is the power angle, and X, is 
the positive-sequence synchronous reactance. From the figure, the generator 
current is 


Ee? — V, 
I =“ | 6.7.1) 
JE, 
and the complex power delivered by the generator is 
Ee” — V 
S =P 4 jQ = W* = V,| 2— —— 
TUS ( EUN 


_ VIE, (J cos ô + sin 6) — JV? 





6.7.2 
3 (6.7.2) 
The real and reactive powers delivered are then 
E < 
parde sin ó (6.7.3) 
Xa . 
y, 
Q=In S= x. (Es cos 6 — V,) (6.7.4) 
g. 


Equation (6.7.3) shows that the real power P increases when the power angle 
ô increases. From an operational standpoint, when the prime mover increases 
the power input to the generator while the excitation voltage 1s held constant, 
the rotor speed increases. As the rotor speed increases, the power angle 6 also 


' increases, causing an increase in generator real power output P. There is also 


a decrease in reactive power output Q, given by (6.7.4). However, when ó is 
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1Xth 





FIGURE 6.4 
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Effect of adding a shunt capacitor bank to a power system bus 


less than 15?, the increase in P is much larger than the decrease m Q. From 
the power-flow standpoint, an increase in prime-move power corresponds to 
an increase in P at the constant-voltage bus to which the generator is con- 
nected. The power-flow program computes the increase in 6 along with the 
small change in Q. 

Equation (6.7.4) shows that reactive power output Q increases when the 
excitation voltage E, increases. From the operational standpoint, when the 
generator exciter output increases while holding the prime-mover power con- 
stant, the rotor current increases. As the rotor current increases, the excita- 
tion voltage E, also increases, causing an increase in generator reactive power 
output Q. There is also a small decrease in ó required to hold P constant in 
(6.7.3). From the power-flow standpoint, an increase in generator excitation 
corresponds to an increase in voltage magnitude at the constant-voltage bus 
to which the generator is connected. The power-flow program computes the 
increase in reactive power Q supplied by the generator along with the small 
change in ð. i 

Figure 6.4 shows the effect of adding a shunt capacitor bank to a power 
system bus. The system 1s modeled by its Thévenin equivalent. Before the ca- 
pacitor bank is connected, the switch SW is open and the bus voltage equals 
Eryn. After the bank is connected, SW is closed, and the capacitor current Ze 
leads the bus voltage V, by 90°. The phasor diagram shows that V, is larger 
than Ey, when SW is closed. From the power-flow standpoint, the addition 
of a shunt capacitor bank to a load bus corresponds to the addition of a neg- 
ative reactive load, since a capacitor absorbs negative reactive power. The 
power-flow program computes the increase in bus voltage magnitude along 
with the small change in à. Similarly, the addition of a shunt reactor corre- 
sponds to the addition of a positive reactive load, wherein the power-flow 
program computes the decrease in voltage magnitude. 

Tap-changing and voltage-magnitude-regulating transformers are used 
to control bus voltages as well as reactive power flows on lines to which they 
are connected. Similarly, phase-angle regulating transformers are used to 
control bus angles as well as real power flows on lines to which they are con- 
nected. Both tap-changing and regulating transformers are modeled by a 
transformer with an off-nominal turns ratio c (Figure 3.25). From the power- 
flow standpoint, a change in tap setting or voltage regulation corresponds to 
a change in c. The power-flow program computes the changes in Ypus, bus 
voltage magnitudes and angles, and branch flows. 
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Besides the above controls, the power-flow program can be used to in- 
vestigate the effect of switching in or out lines, transformers, loads, and gen- 
erators. Proposed system changes to meet future load growth, including new 
transmission, new transformers, and new generation can also be investigated. 
Power-flow design studies are normally conducted by trial and error. Using 
engineering judgment, adjustments in generation levels and controls are made 
until the desired equipment loadings and voltage profile are obtained. 


EXAMPLE 6.14 Power-flow program: effect of shunt capacitor banks 


Determine the effect of adding a 200-M var shunt capacitor bank at bus 2 on 
the power system in Example 6.9. 


SOLUTION Open PowerWorld Simulator case Example 6 14. This case is 
identical to Example 6.9 except that a 200-Mvar shunt capacitor bank has 
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been added at bus 2. Initially this capacitor is open. Click on the capacitor’s 
circuit to close the capacitor and then select Single Solution to solve the case. 
The capacitor increases the bus 2 voltage from 0.834 per unit to a more ac- 
ceptable 0.959 per unit. The insertion of the capacitor has also substantially 
decreased the losses, from 34.84 to 25.37 MW. 

Notice that the amount of reactive power actually supplied by the ca- 
pacitor 1s only 184 Mvar. This discrepancy arises because a capacitor's reac- 
tive varies with the square of the terminal voltage, Q,,, = Vas {Xe (see 2.3.5). 
A capacitor’s Mvar rating is based on an assumed voltage of 1.0 per unit. E 


EXAMPLE 6:15 


PowerWorld Simulator Case Example 6 15, which modifies the Example 
6.13 case by (1) opening one of the 138/69 kV transformers at the LAUF 
substation, and (2) opening the 69 kV transmission line between PATTEN69. 
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and SHIMKO69. This causes a flow of 116.2 MVA on the remaining 138/69 
kV transformer at LAUF. Since this transformer has a limit of 101 MVA, it 
results in an overload at 115%. Redispatch the generators in order to remove 
this overload. 


SOLUTION There are a number of solutions to this problem, and several so- 
lution techniques. One solution technique would be to use engineering intu- 
ition, along with a trial and error approach. Since the overload is from the 
138 kV level to the 69 kV level, and there is a generator directly connected to 
at the LAUF 69 kV bus, it stands to reason tbat increasing this generation 
would decrease the overload. Using this approach, we' can remove the over- 
load by increasing the Lauf generation until the transformer flow is reduced 
to 100%. This occurs when the generation is increased from 20 MW to 51 
MW. Notice that as the generation 1s increased, the swing bus generation au- 
tomatically decreases in order to satisfy the requirement that total system 
load plus losses must be equal to total generation. 
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Example 6.15 Flow Sensitivities Dialog 


An alternative possible solution is seen by noting that since the over- 
load 1s caused by power flowing from the 138 kV bus, decreasing the genera- 
tion at JO345 might also decrease this flow. This is indeed the case, but now 
the trial and error approach requires a substantia] amount of work, and ulti- 
mately doesn't solve the problem. Even when we decrease the total JO345 
generation from 300 MW to 0 MW, the overload is still present, albeit with 
its percentage decreased to 105%. 

Àn alternative solution approach would be to first determine the gen- 
erators with the most sensitivity to this violation and then adjust these. This 
can be done in PowerWorld Simulator by selecting Tools, Flows and Voltage 
Sensitivities. Select the Lauf 138/69 kV transformer, click on the Calculate 
Sensitivities button, and select the Generator Sensitivities tab towards the 
bottom of the dialog. The “P Sensitivity" field tells how increasing the output 
of each generator by one MW would affect the MVA flow on this trans- 
former. Note that the sensitivity for the Lauf generator is —0.494, indicating 
that if we increase this generation by 1 MW the transformer MVA flow 


6.8 
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would decrease by 0.494 MVA. Hence, in order to decrease the flow by 15.2 
MVA we would expect to increase the LAUF69 generator by 31 MW, ex- 
actly what we got by the trial and error approach. It is also clear that the 
JO345 generators, with a sensitivity of just 0.0335, would be relatively inef- 
fective. In actual power system operation these sensitivities, known as gener- 
ator shift factors, are used extensively. These sensitivities are also used in the 
Optimal Power Flow (introduced in Section 11.5). [3 


SPARSITY TECHNIQUES 


A typical power system has an average of fewer than three lines connected to 
eacn bus. As such, each row of Yy,, has an average of fewer than four non- 
zero elements, one off-diagonal for each line and the diagonal. Such a matrix, 
which has only a few nonzero elements, 1s said to be sparse. 

Newton-Raphson power-flow programs employ sparse matrix tech- 
niques to reduce computer storage and time requirements [2]. These tech- 
niques include compact storage of Yy,, and J(i) and reordering of buses to 
avoid fill-in of J(/) during Gauss elimination steps. Consider the following 
matrix: 


1O -1.1 -21 —3.] 
-4.] 2.0 OF cx 
= 8.1 
> —6.] 0 3.0 0 oo 


—7.1 0 0 40 


One method for compact storage of S consists of the following four 
vectors: 


DIAG = [1.0 2.0 3.0 4.0] | (6.8.2) 
OFFDIAG = [-1.1] -2.1 -31 -41 -5.1 -61 —7.1) (6.8.3) 
COL-D 3.4 14 1 I| (6.8.4) 
ROW-([32 1! 1 (6.8.5) 


DIAG contains the ordered diagonal elements and OFFDIAG contains 
the nonzero off-diagonal elements of S. COL contains the column number of 
each off-diagonal element. For example, the fourth element in COL is 1, in- 
dicating that the fourth element of OFFDIAG, —4.1, is located in column 1. 
ROW indicates the number of off-diagonal elements in each row of S. For 
example, the first element of ROW is 3, indicating the first three elements 
of OFFDIAG, —1.1, —2.1, and —3.1, are located in the first row. The second 
element of ROW is 2, indicating the next two elements of OFFDIAG, —4.1 
and —5.1, are located in the second row. The S matrix can be completely re- 
constructed from.these four vectors. Note that the dimension of DIAG and 
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ROW equals the number of diagonal elements of S, whereas the dimension of 
OFFDIAG and COL equals the number of nonzero off-diagonals. 

Now assume that computer storage requirements are 4 bytes to store 
each magnitude and 4 bytes to store each phase of Yp,, in an N-bus power 
system. Also assume Ypus bas an average of 3N nonzero off-diagonals (three 
lines per bus) along with its N diagonals. Using the preceding compact 
storage technique, we need (4+4)3N = 24N bytes for OFFDIAG and 
(4+4)N = 8N bytes for DIAG. Also, assuming 2 bytes to store each integer, 
we need 6N bytes for COL and 2N bytes for ROW. Total computer memory 
required is then (24+8+6+2)N =40N bytes with compact storage of 
Yous; compared to 8N^ bytes without compact storage. For a 1000-bus power 
system, this means 40 instead of 8000 kilobytes to store Y,,,. Further storage 
reduction could be obtained by storing only the upper triangular portion of 
the symmetric Ypy; matrix. 

The Jacobian matrix is also sparse. From Table 6.5, whenever Y;, = 0, 
Jlg = J2j = J3in = J4in = 0. Compact storage of J for a 30,000-bus power 
system requires less than 10 megabytes with the above assumptions. 

The other sparsity technique is to reorder buses. Suppose Gauss elimi- 
nation is used to triangularize S in (6.8.1). After one Gauss elimination step, 
as described in Section 6.1, we have 
LO -l1l1 —2.1 —3.1 
O  -25] -861  -7.61 
0 -671 3-981 -1891 
0  -781. -149] -18.01 
We can see that the zeros in columns 2, 3, and 4 of S are filled in with non- 
zero elements in SQ). The original degree of sparsity is lost. 

One simple reordering method is to start with those buses having the 
fewest connected branches and to end with those having the most connected 
branches. For example, S in (6.8.1) has three branches connected to bus 1 
(three off-diagonals in row 1), two branches connected to bus 2, and one 
branch connected to buses 3 and 4. MADE the buses 4, 3, 2, 1 instead of 
l, 2, 3, 4 we have 

40 0 0 -7.1 
0 340 0  -—641 


SD (6.8.6) 


Sreordered = 25 4 0 20 —4] (6.8.7) 
—31 -21 -11 1.0 
Now, after one Gauss elimination step, 
40 0 . 0 —7.1 
0 30 0. -6.1 
(1) = 
Sperone Fin 0 ; 0: ad -Yd485 (6.8.8) 


0 —2.1 —1.1  -4.5025 
Note that the original degree of sparsity is not lost in (6.8.8). 


SECTION 6.8 SPARSITY TECHNIQUES 331 


Reordering buses according to the fewest connected branches can be 
performed once, before the Gauss elimination process begins. Alternatively, 
buses can be renumbered during each Gauss elimination step in order to ac- 
count for changes during the elimination process. 

Sparsity techniques similar to those described in this section are a stan- 
dard feature of today’s Newton—Raphson power-flow programs. As a result 
of these techniques, typical 30,000-bus power-flow solutions require less than 
10 megabytes of storage, less than one second per iteration of computer time, 
and less than 10 iterations to converge. 


EXAMPLE 6.16 Sparsity in a 37-bus system 


To see a visualization of the sparsity of the power-low Ybus and Jacobian 
matrices in a 37-bus system, open PowerWorld Simulator case Example 6_13. 
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6.9 


Select Case Information, Solution Details, Ybus to view the bus admittance 
matrix. Then press <ctrl) Page Down to zoom the display out. Blank entries 
in the matrix correspond to zero entries. The 37 x 37 Ybus has a total of 
1369 entries, with only about 10% nonzero. Select Case Information, Solution 
Details, Power Flow Jacobian to view the Jacobian matrix. E 


FAST DECOUPLED POWER FLOW 


Contingencies are a major concern in power system operations. For example, 
operating personnel need to know what power-flow changes will occur due 
to a particular generator outage or transmission-line outage. Contingency in- 
formation, when obtained in real time, can be used to anticipate problems 
caused by such outages, and can be used to develop operating strategies to 
overcome the problems. 

Fast power-flow algorithms have been developed to give power-flow 
solutions in seconds or less [8]. These algorithms are based on the following 
simplification of the Jacobian matrix. Neglecting J2(i) and J3(i), (6.6.6) re- 
duces to two sets of decoupled equations: 


Jy (i)A6(i) = AP(i) (6.9.1) 


J4G)AV() = AQ) (6.9:2) 


The computer time required to solve (6.9.1) and (6.9.2) is significantly less 
than that required to solve (6.6.6). Further reduction in computer time can be 
obtained from additional simplification of the Jacobian matrix. For example, 
assume V, z V, z 1.0 per unit and 9, ~6,. Then Jı and J4 are constant 
matrices whose elements in Table 6.5 are the negative of the imaginary com- 
ponents of Yy. As such, J; -and J, do not have to be recalculated during 
successive iterations. | 

The above simplifications can result in rapid power flow solutions for 
most systems. While the fast decoupled power flow usually takes more iter- 
ations to converge, it is usually significantly faster then the Newton-Raphson 
algorithm since the Jacobian does not need to be recomputed each iteration. 
And since the mismatch equations themselves have not been modified, the 
solution obtained by the fast decoupled algorithm is the same as that found 
with the Newton-Raphson algorithm. However, in some situations in which 
only an approximate power flow solution is-needed the fast decoupled 
approach can be used with a fixed number of iterations (typically one) to give. 
an extremely fast, albeit approximate solution. 
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THE “DC” POWER FLOW 


The power flow problem can be further simplified by extending the fast de- 
coupled power flow to completely neglect the Q-V equation, assuming that 
the voltage magnitudes are constant at 1.0 per unit. With these simplifications 
the power flow on the line from bus j to bus k with reactive Xj, becomes 


_ 9 — Ôr 


P 6.10.1 
jk Xi ( l ) 

and the real power balance equations reduce to a completely linear problem 
-Bô = P (6.10.2) 


where B is the imaginary component of the of Yus calculated neglecting line 
resistance and excepting the slack bus row and column. 

Because (6.10.2) is a linear equation with a form similar to that found 
in solving dc resistive circuits, this technique is referred to as the DC power 
flow. However, in contrast to the previous power flow algorithms, the DC 
power flow only gives an approximate solution, with the degree of approxi- 
mation system dependent. Nevertheless, with the advent of power system 
restructuring the DC power flow has become a commonly used analysis 
technique. 


Determine the dc power flow solution for the five bus from Example 6.9. 


SOLUTION With bus ] as the system slack, the B matrix and P vector for 
this system are 


—30 0 10 20 —8.0 
0  —100 100 0 44 
m 10 100 -—1580 40 p 0 
. 20 0 40  —110 0 
—0.3263 —18.70 
0.0091 
— -B-P = TERNS 
ó—-B P —0.0349 radians 2.000 degrees 
—0.0720 —4.125 


To view this example in PowerWorld Simulator open case Example 6 17 
which has this example solved using the DC power flow. To view the DC 
power flow options select Options, Simulator Options to show the Power- 
World Simulator Options dialog. Then select the Power Flow Solution cate- 
gory, and the DC Options page. 
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PROBLEMS 
SECTION 6.1 
— &| Using Gauss eltmination, solve the following linear algebraic equations: 
5x| — 2x — 3x, =4 
—5x| + 7x2 — 2x3 = —10 
—3xi— 3x9 + 8x3 = 6 


Find the three unknowns x1, x2, and x3. Check your answers using Cramer’s rule. 
Also check by using matrix solution of linear equations. 
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= 6.2 Using Gauss elimination and back substitution, solve 


6 2 ] XI 3 
4 10 2 x,|7|4 
3 4 l4. X3 2 


6.3 Rework Problem 6.2 with the value of A3; change from 14 to 1.4. 
. 6.4 Solve for x; and x; in the system of equations given by 


xX, -—3x,+19=0 
x: +x? -18=0 


by Gauss method with an initia] guess of x; = I and x2 = 1. 

6.5 Show that the Gauss elimination method, which transforms the set of N linear equa- 
tions Ax =y to AW-Ux = y(W-D, where AU-U is triangular, requires (N? — N)/3 
multiplications, N(N — 1)/2 divisions, and (N? — N)/3 subtractions. Assume that all 
the elements of A and y are nonzero and real. (Hint: Investigate (6.1.7). Note that 
during the first Gauss elimination step, each of the (N — 1) rows that are changed re- 
quires one division, N multiplications, and N subtractions.) 


6.6 Show that, after triangularizing Ax = y, the back substitution method of solving 
AN Dx = y(W-U requires N divisions, N(N -1/2 multiplications, and N(N — 1)/2 
subtractions. Assume that all the nd of AU'-U and yW-! are nonzero and real. 


SECTION 6.2 
T Solve x? —3x + 1 = 0 using the Jacobi iterative method with x(0) = 1. Continue until 
(Eq. 6.2.2) is satisfied with e = 0.01. Check using the quadratic formula. 


6.8 Solve the following complex number equation by the Jacobi iterative method: 
x^ - (34 5j)x 2 4 4 3j 


Use an initia] guess x(0) = 1 + j, and a stopping criteria of e = 0.05. 
6.9 Solve Problem 6.2 using the Jacobi iterative method. Start with x,(0) = x2(0) = 
x3(0) = 0, and continue until (6.2.2) is satisfied with e = 0.01. 


6.10 Repeat Problem 6.9 using the Gauss-Seidel iterative method. Which method con- 
verges more rapidly? 


6.11 Try to solve Problem 6.2 using the Jacobi and Gauss-Seidel iterative methods with 
the value of À33 changed from 14 to 0.14 and with x,(0) = x2(0) = x3(0) = 0. Show 
f that neither method converges to the unique solution. 


>} 6.12 Using the Jacobi method (also known as the Gauss method), solve for x, and x? in 
the system of equations T 
AAS 


x — 3x, +19=0 
? ans 
xX) +x — 1.820 


Use an initial guess xj(0) = 1.0 = x,(0) = 1.0. Also, see what happens when you 
choose an'uneducated initial guess x; (0) = x2(0) = 100. 
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6.13 


6.14 


vA 6.15 


6.16 


6.17 


6.18 


~ 6.19 


6.20 
ui 62l 


Use the Gauss-Seidel method to solve the following equations that contain terms that 
are often found in power flow equations 


xj = (1/(-20/)) * [(71 + 6.5/5/G3)' -- (10) * x2 — C/10)] 
x2 = (1/(-20)) + ((-2 + /)/63)^ — 19) * xı — (710)} 


Use an initial estimate of x,(0) = 1 and x2(0) = 1, and a stopping of e = 0.05. 


Find:a root of the following equation by using the Gauss-Seidel method: (use an ini- 
tial estimate of x = 2) f(x) = x? — 6x? + 9x - 42 0. 


Consider the following three linear algebraic equations: 
8x, — 4v» = 24 
—Axi + 7x5 + 2x3 — 0 
2x3 + 8x3 = 12 


Solve these for xı, xs, and x; within a tolerance of & — 0.01. Start with x1(0) = 
x2(0)-— x4(0) = 1. 

(a) by the Jacobi iterative method. 

(b) by Gauss-Seidel Iteration. 


Take the z-transform of (6.2.6) and show that X(z) = G(-)Y(z), where G(z) = 
(zU - M) ! D^! and U is the unit matrix. 

G(z) is the matrix transfer function of a digital filter that represents the Jacobi 
or Gauss-Seidel methods. The filter poles are obtained by solving det(zU — M) = 0. 
The filter is stable if and only 1f all the poles have magnitudes less than 1. 
Using the results of Problem 6.16, determine the filter poles for Examples 6.3 and 6.5. 
Note that in Example 6.3 both poles have magnitudes less than 1, which means the 
filter is stable and Jacobi converges for this example. However, in Example 6.5, one 
pole has a magnitude greater than 1, which means the filter is unstable and Gauss- 
Seidel diverges for this example. 


Determine the poles of the Jacobi and Gauss-Seidel digital filters for the general two- 
dimensional problem (N — 2): 


Ai An M yı 
Xa y2 


A» An 
Then determine a necessary and sufficient condition for convergence of these filters 
when N = 2. 








SECTION 6.3 


Use Newton-Raphson to find a solution to the polynomial equation f(x) = y where 
y= 0 and f(x) = x? + 9x? + 2x — 48. Start with x(0) = 1 and continue until (6.2.2) is 
satished with e = 0.001. 


Repeat 6.19 using x(0) = —1. 


Use Newton-Raphson to find one solution to the polynomial equation f(x) = y, . 
where y — 0 and f(x) = xt + 12x? + 54x? + 108x -- 81. Start with x(0) =—1 and 
continue until (6.2.2) is satisfied with e = 0.001. 


— 6.22 


6.23 


6.24 


6.25 


6.26 


6.27 


FIGURE 6.5 
Problem 6,27 


/ 
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Use Newton-Raphson to find a solution to 


eu a 142 

cos(x| + x2) 0.5 
where x, and x; are in radians. (a) Start with x,;(0) = 1.0 and x;(0) = 0.5 and con- 
tinue until (6.2.2) is satisfied with e = 0.005. (b) Show that Newton-Raphson diverges 





. for this example if x; (0) = 1.0 and x2(0) = 2.0. 


Solve the following equations by the Newton-Raphson method: 
2x? +x7 -8 =0 

T - xi + xX)x2 -4=0 
Start with an initial guess of xi = 1 and x = 1. 
The following nonlinear equation contains terms that are often found in power-flow 
equations: 

ysny+4=0 
Find a solution by using the Newton-Raphson method with an initial guess y(0) = 4 
radians. 


Reconsider Problem 6.14 and use the Newton-Raphson method, with an initia! esti- 
mate of x = 6. 


With an initial estimate of x = 0, obtain a root of the equation 
x=2-sinx 

by the Newton-Raphson method within a tolerance of e = 0.001. 

SECTION 6.4 


Consider the simplified electric power system shown in Figure 6.5 for which the 
power-flow solution can be obtained without resorting to iterative techniques. (a) 
Compute the elements of the bus admittance matrix Yesus. (b) Calculate the phase 
angle ó? by using the real power equation at bus 2 (voltage-controlled bus). (c) Deter- 
mine |V3] and ð; by using both the real and reactive power equations at bus 3 (load 
bus). (d) Find the real power generated at bus 1 (swing bus). (e) Evaluate the total real 
power losses in the system. 


V. = 1/0. P, — 1.6 p.u. 
IMS 1.1 p.u. 





Q, = +1 p.u. 
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6.28 
6.29 


6.30 


FIGURE 6.6 


Single-line diagram for 
Problem 6.30 (per unit 
impedances and per unit 
real and reactive powers 
are shown) 


TABLE 6.9 


Bus input data for 
Problem 6,30 


TABLE 6.10 


Line input data for 
Problem 6.30 
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Compute the elements of the second row of Ypus for the power system in Example 6.9. 


In Example 6.9, double the impedance of the line from bus 2 to bus 4. Determine the 
new values for the second row of Ypuys. Verify your result using PowerWorld Simulator 
case Example 6.9. 

Figure 6.6 shows a single-line diagram of a three-bus power system. Power-flow input 
data are given in Tables 6.9 and 6.10. (a) Determine the 3 x 3 per-unit bus admittance 
matrix Yy. (b) For each bus k = 1,2,3 determine which of the variables Vg, ôx, Pk, 
and Q, are input data and which are unknowns. 


{0.1 





0.5 


Z0 





V Pg Qc PL QL Qamin — Qon 
per 0. per per per per per ‘per 
Bus Type Unit Degrees Unit Unit Unit Unit Unit Unit 
l Swing 1.0 0 — — 0 0 — — 
2 Load = E 0 0 20 0.5 = = 
3 Constant 1.0 -- 1.0 — 0 0 —5.0 +5.0 
voltage 
R’ x' G' B' 
per per per per Maximum MVA 
Line Bus-to-Bus Unit Unit Unit Unit per Unit 
1 1-2 Ü 0.1 0 0 3.0 
2 2-3 0 0.2 0 0 3.0 
3 1-3 0 0.4 0 0 3.0 





(Note: There are no transformers) 


SECTION 6.5 


Assume a 1 + 0.5j per unit load at bus 2 is being supplied by a generator at bus 1 
through a transmission line with series impedance of 0.05 + j0.1 per unit. Assuming 
bus 1 is the swing bus with a fixed per unit voltage of 1.0/0, use Gauss-Seidel method 
to calculate the voltage at bus 2 after three iterations. 


6.32 
6.33 


6.34 


6.35 


FIGURE 6.7 
Problem 6.35 


6.36 


PROBLEMS 339 


Repeat the above problem with the swing bus voltage Changed to 1.0/30° per unit. 


For the power system in Example 6.9, use Gauss-Seidel to calculate V3(1), the phasor 
voltage at bus 3 after the first iteration. Note that bus 3 is a voltage-controlled bus. 


For the power system given in Problem 6.30, use Gauss-Seidel to compute V(1) and 
V4(1), the phasor voltages at bus 2 and 3 after the first iteration. Use zero initial phase 
angles and 1.0 per-unit initial bus voltage magnitudes. 


The bus admittance matrix for the power system shown in Figure 6.7 is given by 
5 ee —1+ 3 0 
—24-j6 3.666 —-j11  —0.666 -j2 -—1-j3 
~1+j3 -0.666+/2 3.666-jl1 -241j6 
E -] +j3 —2 4- j6 3 —j9 


Yous = per unit 


With the complex powers on load buses 2, 3, and 4 as shown in Figure 6.7, determine 
the value for V5 that is produced by the first and second iterations of the Gauss—Seidel 
procedure. Choose the initial guess V2(0) = V3(0) = V4(0) = 1.0/0? per unit. 


(D (2) 


V, = 1.04 /0° V2 








0:5 — 0:2 


0.3 — j0.1 


V, V4 


(3) © 


The bus admittance matrix of a three-bus power system 1s given by 


7 -2 -$ 
Yous = j| -2 6 —4 | per unit 
-5 4 9 


with V, = 1.0/0? per unit; V; = 1.0 per unit; P; = 60 MW; P4 = —80 MW; Q; = —60 
MVAR (lagging) as a part of the power-flow solution of the system, find V; and V4 
within a tolerance of 0.01 per unit, by using Gauss-Seidel iteration method. Start with 
05 = 0, V3 = 1.0 per unit, and ô; = 0. \ 


ut 
N 
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6.37 


6.38 
6.39 


6.40 
6.41 


6.42 


6.43 


FIGURE 6.8 
Problem 6.43 


Using PowerWorld Simulator, determine the maximum mismatch after the first, sec- 
ond, and third iterations for the Example 6.10 case using Gauss-Seidel. How many 
iterations does it take to converge to a mismatch less than 0.5 MVA? 


Repeat Problem 6.37, except first decrease the load at bus 2 to 500 MW and 100 
Mvar. 


Open the PowerWorld Simulator Problem 6 39 case. This case is similar to the Exam- 
ple 6.10 case, except that the maximum number of iterations has been increased, and 
the case has been set to automatically initialize from a flat start solution (i.e., one with 
all the voltage angles equal to zero and the voltage magnitudes at load buses equal 
to 1.0 per unit). Increase the load at bus 2 in 10-MW steps, keeping the load power 


factor constant. For each load increase, how many iterations are required to converge 


using Gauss-Seidel? What 1s the maximum load level before the iterations diverge? 


SECTION 6.6 


For the power system in Example 6.9, calculate AP4(0) in Step 1 and J144(0) in Step 2 
of the fitst Newton-Raphson iteration. Assume zero initial phase angles and 1.0 per- 
unit initial voltage magnitudes (except V4 — 1.05). 


For the power system given in Problem 6.30, use (6.6.2) and (6.6.3) to write the three 
power-flow equations to be solved by the Newton-Raphson method. Also, identify 
the three unknown variables to be solved. Do not solve the equations. 


For the power system given in Problem 6.30, use Newton-Raphson to compute V3(1) 
and V3({1), the phasor voltages at bus 2 and 3 after the first iteration, as follows. (a) 
Step I: use (6.6.2) and (6.6.3) to compute Ay(0). (b) Step 2: compute the 3 x 3 
Jacobian matrix J(0) using the equations in Table 6.5. (c) Step 3: use Gauss elimina- 
tion and back substitution to solve (6.6.6). (d) Step 4: compute x(1) in (6.6.7). Also, 
use (6.5.3) to compute Qg, and verify that it is within the limits shown in Table 6.12. 
In Steps ] and 2, use zero initial phase angles and 1.0 per-unit initia] bus voltage 
magnitudes. 


For the transmission system shown in Figure 6.8, all shunt elements are capacitors 
with an admittance yc = j0.01 per unit, and all series elements are inductors with 
an impedance z = j0.08 per unit. Determine 62, [V3], 63, Pai, Qai, and Qaz for the 
system. 






Pa» = 0.6861 


IV. = 1.05 





Va 
Sy, = 2.8653 +j1.2244 


2 


ae d 


6.44 


6.45 


6.46 


6.47 


6.48 


6.49 


6.50 


6.51 
6.52 


6.53 
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Load PowerWorld Simulator case Example 6.11; this case is set to perform a single 
iteration of the Newton-Raphson power flow each time Single Solution is selected. 
Verify that initially the Jacobian element J44 is 104.41. Then, give and verify the value 
of this element after each of the next three iterations (until the case converges). 


SECTION 6.7 


Use PowerWorld Simulator to determine the Mvar rating of the shunt capacitor bank 
in the Example 6.14 case that increases V5 to 1.02 per unit. Also determine the effect 
of this capacitor bank on line loadings and total real power losses (total real and re- 
active losses are shown on the Case Information, Case‘Summary dialog). To vary the 
capacitor's nominal Mvar rating,.righi-click on the capacitor symbol to view the 
Switched Shunt dialog and then change the Nominal Mvar field. 


Use PowerWorld Simulator to modify the Example 6.9 case by inserting a second line 
between bus 2 and bus 5. Give the new line a circuit identifier of "2" to distinguish it 
from the existing line. The line parameters. of the added line should be identical to 
those of the existing line 2-5. Determine the new line's effect on V2, the line loadings, 
and on the total real power losses. 


Using PowerWorld Simulator with the Example 6.9 case, change the generator | volt- 
age setpoint between 1.00 and 1.08 per unit in 0.005 per-unit steps. Show the variation 
in the reactive power output of generator 1, V2, and total real power losses. 


Open PowerWorld Simulator case Problem 6 48. Fhis case is identical to Example 6.9 
except that the transformer between buses ] and 5 ts now a tap-changing transformer 
with a tap range between 0.9 and 1.1 and a tap step size of 0.00625. The tap 1s on the 
high side of the transformer. As the tap is varied between 0.975 and 1.1, show the 
variation in the reactive power output of generator 1, Vs, V2, and the total real power 
losses. 


Open PowerWorld Simulator case Example 6 13. As in Example 6.13, remove the 
TIM69 to HANNAH69 line. Determine the Mvar rating of the shunt capacitor bank 
at Bus HANNAHÓ9O necessary to correct the HANNAH69 voltage back to 0.96 per 
unit. Use (ctrl) up arrow to zoom the one-line to better see the one-line values. 


Open PowerWorld Simulator case Example 6. 13. Plot the variation in the total system 
real power losses as the generation at bus BLT138 is varied in 20-MW blocks between 
0 MW and 400 MW. What value of BLT138 generation minimizes system losses? 


Repeat Problem 6.50, except first remove the 138-kV line from RAY138 to BOB138. 


Open PowerWorld Simulator case Example 6 13. Sequentially open (remove from 
service) each of the case’s twelve 138 kV transmission lines (always closing the previ- 
ous device). Record the impact each outage has on system losses. Which device has 
the largest impact on system losses? 


Open PowerWorld Simulator case Problem 6. 53. This case contains a modified ver- 
sion of the 37 bus case from Example 6.13, except now with three lines out of service. 
This causes an overload on the BLT69 to UTUC69 transmission line. Using the tech- 
niques díscussed in Example 6.15, determine a solution of how the system generation 
can be adjusted to remove this overload. Note: you may need to adjust more than one 
generator. 
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6.54 


6.55 


6.56 


FIGURE 6.9 
Problem 6.56 


6.57 


6.58 
6.59 


CASE STUDY 


SECTION 6.8 


Using the compact storage technique described in Section 6.8, determine the vectors 
DIAG, OFFDIAG, COL, and ROW for the following matrix: 


17 -91 0 0  -21 -7.1 
-9. 25 -81 -11 -61 © 
0 -81 9 0 0 0 
0 -I1 0 2 0 0 
-21 -61 0 0 l4 —-5.1 
-71 0 0 0 —51]1 15 
If 4 bytes of computer storage are used for each floating-point number and 2 bytes for 


each integer, determine the total number of bytes required to store the S matrix in 
Problem 6.52 (a) with compact storage and (b) without compact storage. 


For the triangular factorization of the corresponding Yy4, number the nodes of the’ 
graph shown in Figure 6.9 in an optimal order. 


©) ©) @ 


© © (P) © © 


SECTION 6.9 

Compare the angles and line flows between the Example 6.17 case and results shown 
in Tables 6.6, 6.7, and 6.8. | 

Resolve the Example 6.17 case except with the line between bus 2 and 4 removed. 


Discuss the power system parameters and operating conditions that would sig- 
nificantly affect the accuracy of a DC power flow. 


QUESTIONS 


How does transmission congestion contribute to spikes in electricity prices? 


Transmission congestion is one phenomenon that can be studied via power-flow pro- 
grams. What other studies can be performed with power-flow programs? 


How can advances in computer visualization be applied to displaying power flow re- 
sults? l 


One of the causes of the August 14th, 2003 blackout was lack of situational awareness 
by the utility operators. Discuss how better power system visualization could help to 
reduce blackout risk. You may wish to consult the Final Report from this blackout, 
which is available online at http://www.nerc.com/~filez/blackout. html. 
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DESIGN PROJECT I: SYSTEM PLANNING 


After months of negotiation the AMA-company is close to committing to 
build a new plant in the eastern portion of the city of Metropolis. The new 
jobs this plant will bring are much anticipated by city officials. With an an- 
ticipated peak load of about 48 MW and 10 Mvar, the plant will also bring 
additional revenue to the local utility, Metropolis Light and Power (MLP). 
However, in order to accommodate the new AMA load a new substation will 
need to be constructed at the AMA plant location. While AMA needs to re- 
ceive electricity at the 69 kV level, the new substation location is large 
enough to accommodate a 138/69 kV transformer if needed. Additionally, 
for reliability purposes AMA needs to have at least two separate feeds into 
their substation. | 

As a planning engineer for MLP your job is to make recommendations 
to insure that with AMA's new load under peak loading conditions the 
transmission system in the eastern region 1s adequate for any base case or first 
contingency loading situation. This is also a good opportunity not only to 
meet the new AMA load, but also to fix some existing first contingency vio- 
lations. The below table shows the available right-of-way distances that are 
available for the construction of new 69 kV and/or new 138 kV Sines. All ex- 
isting 69 kV only substations are large enough to accommodate 138 kV as 
well. 


Design Procedure 


1. DesignCasel into PowerWorld Simulator. Perform an initial power- 
flow solution to verify the base case system operation without the 
AMA load. Note that the entire line flows and bus voltage magni- 
tudes are within their limits. Assume all line MVA flows must be 
at or below 100% of the limit A values, and all voltages must be be- 
tween 0.95 and 1.10 per unit. 


2. Repeat the above analysis considering the impact of any single 
transmission line or transformer outage. This is known as contin- 
gency analysis. To simplify this analysis, PowerWorld Simulator has 
the. ability to automatically perform a contingency analysis study. 
Select Tools, Contingency Analysis to show the Contingency Analysis 
display. Note that the 57 single line/transformer contingencies are 
already defined. Select Start Run to automatically see the impact of 
removing any single element. This system has line violations for three 
different contingencies. 


3. Using the available rights-of-ways given in the table at the end of 
this design project, and the transmission line. parameters/costs given 
in the table at the end of design project 2, iteratively determine the 
least expensive system additions so that the base case and all-the 
contingences result in secure operation points (i.e., one with no vio- 
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Metropolis Light and Power Design Case 1 
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lations) with the new AMA load. The parameters of the new trans- 
mission lines(s) need to be derived using the tower configurations 
and conductor types provided by your instructor. The total cost of 
an addition 1s defined as the construction costs minus the savings as- 
sociated with any decrease in system losses over the next 5 years. 


4. Write a detailed report discussing the initial system problems, your 
approach to optimally solving the system problems; and the justifi- 
cation for your final recommendation. 


Simplifying Assumptions 
To simplify the analysis, several assumptions are made: 


1. You need only consider the base case loading level given in Design- 
: Casel. In a real design, typically a number of different operating 
points/loading levels must be considered. - 
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2. You should consider the generator outputs as fixed values; any 
changes in the losses and the new AMA load are always picked up by 
the system slack generator. 


3. You should not modify the status of the capacitors or the trans- 
former taps. 


4. You should assume that the system losses remain constant over the 
5-year period and need only consider the impact and new design has 
on the base case losses. Electricity is priced at $855/MWh. 

Available New Rights-of-Ways 


Right-of-Way/Substation Right-of-Way Mileage (miles) 


AMA to JO 4.5 
^ AMA to LYNN 5 
AMA to ROGER 8 
AMA to WOLEN 11 
AMA to SHIMKO "4 
BOB to SHIMKO 6.2 
WOLEN to SHIMKO 12 


SAVOY TO SHIMKO 6- 


Note: each substation is physically large enough to accommodate the .addi- 
tion of 138 kV bus work, and a 138/69 kV transformer. 


DESIGN PROJECT 2: SYSTEM PLANNING 


After months of negotiation the Kyle Aluminum company is close to com- 
mitting to build a new plant in the western portion. of Metropolis, a city 
whose electricity is provided by the Metropolis Light and Power Company 
(MLP). To meet the new load, a new substation will be constructed at this 
location called KYLE69, which will be served at 69 kV. 

MLP anticipates a peak load at the KYLE69 substation of 45 MW and 
10 Mvar. Since aluminum production is very sensitive to blackouts, Kyle 
Aluminum is requiring that MLP provide at least two separate feeds into this 
new substation, While 69 kV service is required the new substation is large 
enough to accommodate a 138/69-kV transformer as well. 

You are currently interning with MLP as a planning engineer. Your job 
is to develop recommendations for management on the least cost way to sup- 
ply this new substation. At the same time, your boss has asked you to use this 
opportunity to fix some existing contingency problems in the western portion 
of the MLP system. Specifically your task 1s to make recommendations for 
the best transmission system additions to strengthen the western portion of 
the system so that there will be no violations for either the base case s 
or during. any single transmission element contingency with the inclusiof of 
the new load. Secure system operations require that no lines or transformers 
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be loaded higher than 100% of their ratings and that all bus voltage magni- 
tudes are between 0.95 and 1.08 per unit. The table that follows summarizes 


various rights-of-way that can be used for the installation of new lines. De- 
sign costs are also provided. 


Design Procédure 


1. Load DesignCase2 ipto PowerWorld Simulator. Perform an initial 
power-flow solution to verify the base case system operation without 


the new load. Note that all the line flows and bus voltage magnitudes 
are within their limits. 


2. Repeat the above analysis considering the impact of any single 
transmission line or transformer outage. This 1s known as contin- 
gency analysis. To simplify this analysis, PowerWorld Simulator has 


Metropolis Light and Power Electric Design Case 2 
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the ability to automatically perform a contingency analysis study. 
Select Tools, Contingency Analysis to show the Contingency Analysis 
display. Note that the 57 single line/transformer contingencies are 
already defined. Select Start Run to automatically see the impact of 
removing any single element. This system is insecure for several 
contingencies. 


3. Using the rights-of-ways given in the table at the end of this design 
project, and the transmission line parameters/costs given in the table 
after the right-of-ways, iteratively determine the least expensive sys- 
tem addition (i.e., best) so that the base case and all the contingences 
result in secure operation points with the new KYLE69 load. The 
parameters of the new transmission lines(s) need to be derived using 
the tower configurations and conductor types provided by your in- 
structor, The total cost of an addition is defined as the construction 
costs plus the cost (or minus the savings) from changes in system 
losses over the next 5 years. 


4. Write a detailed report discussing the initial system problems, your 
approach to optimally solving the system problems, and the justifi- 
cation for your final recommendation. 


Simplifying Assumptions 
To simplify the analysis, several assumptions are made: 


- 1. You need only consider the base case loading level given in Design- 
Case2. In a real design, typically a number of different operating 
points/loading levels must be considered. 


2. You should consider the generator outputs as fixed values; any 
changes in the losses and the new KYLE69 load are always picked 
up by the system slack. 


3. You should not modify the status of the capacitors or the trans- 
former taps. 


4. You should assume that the system losses remain constant over the 
5-year period and need only consider the impact and new design has 
on the base case losses. Electricity is priced at $55/MWh. 

Available New Rights-of-Ways | 


Right-of-Way/Substation Right-of-Way/Mileage (miles) 


KYLE to HISKY 5 
KYLE to AMANDA 5.2 
KYLE to PETE 6 
KYLE to TIM 10.5 


KYLE to MORO 8 
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I 


KYLE to LAUF 10 
KYLE to UIUC 13 
KYLE to HOMER ji 


Note: each substation is physically large enough to accommodate the addi- 
tion of 138 kV bus work, and a 138/69 kV transformer. 


Design Projects | and 2: Sample Transmission System Design 
Costs 


Transmission lines (69 kV and 138 kV) New transmission lines include a 
fixed cost and a variable cost. The fixed cost is for the purchase/installation 
of the three-phase circuit breakers, associated relays, and changes to the 
substation bus structure. The fixed costs are $100,000 for a 138-kV line and 
$50,000 for a 69-kV line. 

The variable costs depend on the type of conductor and the length of 
the line. The assumed costs in $/mile are given here. 


Conductor Type Current Rating (Amps) |38-kV Lines 69-kV Lines 
Partridge 460 . . $90,000/mi 
Lark 600 $170,000/mi $105,000/mi 
Rook 770 $180,000/mi $120,000/mi 
Condor 990 $190,000/mi 


Line impedance data and MVA ratings are determined based on the 
conductor type and tower configuration. The conductor characteristics are 
given in Table A.4. For these design problems, use the tower configurations 
provided by the instructor. 


Transformers (138 kV/69 kV) Transformer costs include associated cir- 
cuit breakers, relaying and installation. 


101 MVA $870,000 
187 MVA $1,150,000 


Assume any new 138/69 kV transformer has 0.0025 per unit resistance and 
0.04 per unit reactance on a 100-MVA base. 


Bus work 
New 69-kV substation: $250,000 
New 138/69-kV substation: $400,000 


Upgrade 69-kV substation to 138/69 kV $200,000 
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DESIGN PROJECT 3: SYSTEM PLANNING* 


Time given: 1! weeks 
Approximate time required: 40 hours 
Additional references: [10, 11] 


Figure 6.12 shows a single-line diagram of four interconnected power systems 
identified by different graphic bus designations. The following data are given: 
1. There are 31 buses, 21 lines, and 13 transformers. | 
. Generation 1s present at buses 1, 16, 17, 22, and 23. 


. Total load of the four systems 1s 400 MW. 


. The system base is 100 MVA. 


. Additional information on transformers and transmission lines is 
provided in [10, 11]. 


Based on the data given: 


A 
3 
4. Bus 1 is the swing bus. 
5 
6 


1. Allocate the total 400-MW system load among the four systems. 


2. For each system, allocate the load to buses that you want to repre- 
sent as load buses. Select reasonable load power factors. 


FIGURE 6.12 
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Design Project 3: 
Single-line diagram for 
31-bus interconnected 


222227277777 
power system 
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* This is based on a project assigned by Adjunct Professor Leonard Dow at Northeastern 
University, Boston, Massachusetts. 
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3. Taking into consideration the load you allocated above, select 
appropriate transmission-line voltage ratings, MVA ratings, and 
distances necessary to supply these loads. Then determine per-unit 
transmission-line impedances for the lines shown on the single-line 
diagram (show your calculations). 


4, Also select appropriate transformer voltage and MVA ratings, and 
determine per-unit transformer leakage impedances for the trans- 
formers shown on the single-line diagram. 


5. Develop a generation schedule for the 5 generator buses. 


6. Show on a copy of the single-line diagram per-unit line impedances, 
transformer impedances, generator outputs, and loads that you se- 
lected above. 


7. Using PowerWorld Simulator, run a base case power flow. In addi- 
tion to the printed input/output data files, show on a separate copy 
of the single-line diagram per-unit bus voltages as well as real and 
reactive line flows, generator outputs, and loads. Flag any high/low 
bus voltages for which 0.95 « V < 1.05 per unit and any line or 
transformer flows that exceed normal ratings. 


8. If the base case shows any high/low voltages or ratings exceeded, 
then correct the base case by making changes. Explain the changes 
you have made. 


9. Repeat (7). Rerun the power-flow. program and show your changes 
on a separate copy of the single-line diagram. 


10. Provide a typed summary of your results along with your above 
calculations, printed power-flow input/output data files, and copies 
of the single-ltne diagram. 


DESIGN PROJECT 4: POWER FLOW/SHORT 
CIRCUITS | 


Time given: 3 weeks 
Approximate time required: 15 hours 


Each student is assigned one of the single-line diagrams shown in Figures 
6.13 and 6.14. Also, the length of line 2 in these figures is varied for each 
student. 


Assignment 1: Power-Flow Preparation 


For the single-line diagram that you have been assigned (Figure 6.13 or 6.14), 
convert all positive-sequence impedance, load, and voltage data to per unit. 
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| Je! [} Circute c2( ) 
= ERIS Breaker 180 MJ 
1 7 
T1 
Mu 
2 
30 Hvar E 
30 Hvar 
50 HV [L1 
m 3 
^ Lj 
30 Hvar m 
so wi 50 Yd 30 Mvar 


50 Me 


30 Mvar 


Generator Ratinga 
G1: 100 MVA,13.8 kV, x* = 0.12,x5 =0.14,x9=0.05 per unit Pawer Flow. Data 
G2: 200 MVA,15.0 kV, x° = 0.12 xa =0.14.x9=0.05 per unit Bus 1 : Swing bus, V4 = 13.8 kV, 2; = O 


The generator neutrals are solidly grounded Bus 2,3,4,5,8 : Load buses 
Bus 7 : Constant voltage magnitude bus, Vy = 15 kV, 
T1: 100 MVA,13.8 kVA/230 KVY, xe0.1 per unit PG7 = 180 MW, - 87 Mvar « Qa < + B7 Mvar 


T2: 200 MVA, 15 kVA/230 kVY, x=0.1 per unit 


The transformer neutrais are solidly grounded Spasp = 100 MVA ( three-phase) 


Transmission Line Ratings 

All Lines: 230 kV, z4 «0.08 + 0.5 Q/km, Vbase = 13.8 kV ( fine-to-line ) in the zone of G1 
Zo 90.2«]15 Qhm, yy = j3.3 E-6 S/km, l 
Maximum MVA = 400 

Line Lengths: L4 « 15 km, Lo assigned by the instructor ( 

20 to 50 km), Lg = 40 km, Ly = 15 km, Ls = 50 km. 


FIGURE 6.13 — Single-line diagram for Design Project 4— transmission loop 


using the given system base quantities. Then using PowerWorld Simulator, 
create three input data files: bus input data, line input data, and transformer 
input data. Note that bus ] 1s the swing bus. Your output for this assignment 
consists of three power-flow input data files. 

The purpose of this assignment is to get started and to correct errors 
before going to the next assignment. It requires a knowledge of the per-unit 
system, which was covered in Chapter 3, but may need review. 


Assignment 2: Power Flow 


Case 1. Run the power flow program and obtain the bus, line, and trans- 
former input/output data files that you prepared in Assignment 1. 

Case 2. Suggest one method of increasing the voltage magnitude at bus 
4 by 5%. Demonstrate the effectiveness of your method by making appropri- 
ate changes to the input data of case 1 and by running the power flow pro- 
gram. 

Your output for this assignment consists of 12 data files, 3 input and 3 
output data files for each case, along with a one-paragraph explanation of 
your method for increasing the voltage at bus 4 by 59^. 
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1 2 3 6 7 
Tl 
(<1 ) m L1 12 L3 Lá LS 
perch | 
380kvar sood Sag 800kW 
800 kV E 380 
TE kvar 
Tap Fusa 
190 kvar 190 kvar 190 kvar 190 kvar 190 kvar 190 kvar 
400 kW l 
400 kW 400 kW 400 kW 400 kid 400 kW 
Generator Ratings [] Circuit Braaker 
G1 (infinite bus): 50 MVA, 345 kV, x" = x5 = 0.15 per unit 
The generator neutrals are solidly grounded aa puse 
Transformar Ratinga : 
T1: 5 MVA, 345 kVA/13.8 kVY, x = 0.1 per unit Bus 1 : Swing bus, V4 = 345 kV, ðq « 0* 
The transformer neutrals are solidly grounded Bus 2,3,4,5,6,7 : Load buses 
lumnamiasion tine Ratinos 
All Lines: 13.8 kV, zy «0.19 + 0.38 Q/km, Spase = 10 MVA ( three-phase) 
Zo = 0.6 + [10 Q/km, yy = {4.0 EB S/km, Vpase * 13.8 kV ( line-to-line ) In the zone of the lines 


Maximum MVA = 5 
Line Lengths: Ly = 2 km, Lo assigned by the instructor ( 1 
to 5 km), La a Ly = Lg = 2 km. 


FIGURE 6.14  Single-line diagram for Design Project 4—radial distribution feeder 


During this assignment, course material contains voltage control 
methods, including use of generator excitation control, tap changing and 
regulating transformers, static capacitors, static var systems, and parallel 
transmission lines. 

This project continues in Chapters 7 and 9. 


DESIGN PROJECT 5: POWER FLOW* 


Time given: 4 weeks 
Approximate time required: 25 hours 


Figure 6.15 shows the single-line diagram of a 10-bus power system with 7 
generating units, 2 345-kV lines, 7 230-kV lines, and 5 transformers. Per-unit 
transformer leakage reactances, transmission-line series impedances and 
shunt susceptances, real power generation, and real and reactive loads during 
heavy Iced periods, all on a 100-MVA system base, are given on the diagram. 
Fixed transformer tap settings are also shown. During light load periods, the 


* This is based on a project assigned by BOR Professor Richard Farmer at Arizona State 
University, Tempe, Arizona. 
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B= 0.632 
22 kV Buses : 2, 3 
230 kV Buses : 1, 5,6, 7, 8, 9 
345 kV Buses : 4, 10 
System Base e 100 MVA ( three-phase ) 
Bus $ : Swing Bus — V4 =1/0è perunt 
Bus 2 : V = 1.0 per unt -1.45 £ OG £ +145 per unit B= 0.395| 3 = 0.352 B= 0.26 
Bus 3 : V 2 1.0 per unit. -1.45 £ OG g +1.45 per unk 
Bus 8:V e 1.0 perunt. -1.951 QG < «1.95 per unt 0.48 1.7 0.97 0.226 


1.0 3.5 2.0 1.5 


FIGURE 6.15  Single-line diagram for Design Project 5—10-bus power system 


real and reactive loads. (and generation) are 25% of those shown. Note that 
bus 1 1s the swing bus. 


Design Procedure 


Using PowerWorld Simulator (convergence can be achieved by changing 
load buses to constant voltage magnitude buses with wide var limits), deter- 
mine: 


1. The amount of shunt compensation required at 230- and 345-kV 
buses such that the voltage magnitude 0.99 < V < 1.02 per unit at all 
buses during both light and heavy loads. Find two settings for the 
compensation, one for light and one for heavy loads. 


2. The amount of series compensation required during heavy loads on 
each 345-kV line such that there 1s a maximum of 40° angular dis- 
placement between bus 4 and bus 10. Assume that one 345-kV line is 
out of service. Also assume that the series compensation is effectively 
distributed such that the net series reactance of each 345-kV line is 
reduced by the percentage compensation. Determine the percentage 
series compensation to within -- 109^. 
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SYMMETRICAL FAULTS 


Short circuits occur in power systems when equipment insulation fails, due 
to system overvoltages caused by lightning or switching surges, to insulation 
contamination (salt spray or pollution), or to other mechanical causes. The 
resulting short circuit or "fault" current is determined by the internal volt- 
ages of the synchronous machines and by the system impedances between 
the machine voltages and the fault. Short-circuit currents may be several 
orders of magnitude larger than normal operating currents and, if allowed to 
persist, may cause thermal damage to equipment. Windings and busbars may 
also suffer mechanical damage due to high magnetic forces during faults. It 1s 
therefore necessary to remove faulted sections of a power system from service 
as soon as possible. Standard EHV protective equipment is designed to clear 
faults within 3 cycles (50 ms at 60 Hz). Lower voltage protective equipment 
operates more slowly (for example, 5 to 20 cycles). 
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We begin this chapter by reviewing series R—L circuit transients in Sec- 
tion 7.1, followed in Section 7.2 by a description of three-phase short-circuit 
currents at unloaded synchronous machines. We analyze both the ac compo- 
nent, including subtransient, transient, and steady-state currents, and the dc 
component of fault current. We then extend these results in Sections 7.3 and 
7.4 to power system three-phase short circuits by means of the superposition 
principle. We observe that the bus impedance matrix is the key to calculating 
fault currents. The SHORT CIRCUITS computer program that accompanies 
this text may be utilized in power system design to select, set, and coordinate 
protective equipmient such as circuit breakers, fuses, relays, and instrument 


transformers. We discuss circuit breaker and fuse selection in Section 7.5. 
Balanced three-phase power systems are assumed throughout this chap- 
ter. We.also work in per-unit. 


CASE STUDY 


Short circuits can cause severe damage when not interrupted promptly. In some cases, 


high-impedance fault currents may be insufficient to operate protective relays or blow 
fuses. Standard overcurrent protection schemes utilized on secondary distribution at 
some industrial, commercial, and large residential buildings may not detect high-impedance 
faults, commonly called arcing faults. In these cases, more careful design techniques, such 
as the use of ground fault circuit interruption, are required to detect arcing faults and 
prevent burndown. The following case histories [11] give examples of the destructive 


effects of arcing faults. 


The Problem of Arcing Faults in Low- 
Voltage Power Distribution Systems 


FRANCIS J. SHIELDS 


ABSTRACT 


Many cases of electrical equipment burndown 
arising from low-level arcing-fault currents have 
occurred in recent years in low-voltage power dis- 
tribution systems. Burndown, which is the severe 
damage or complete destruction of conductors, in- 
sulation systems and metallic enclosures, is caused 
by the concentrated release of energy in the fault 
arc. Both grounded and ungrounded electrical dis- 
tribution systems have experienced burndown, and 


(“The Problem of Arcing Faults in Low-Voltage Power 
Distribution Systems", Francis J. Shields € 1967 IEEE. 
Reprinted, with bermission, from IEEE Transactions on 
Industry and General Applications, Vol, 1GA-3, No. f, 
Jan./Feb. 1967, pp. 16—17.) 


the reported incidents have involved both indus- 
trial and commercíal building distribution equipment, 
without regard to manufacturer, geographical loca- 
tion, or operating environment, 


BURNDOWN CASE HISTORIES 


The reported incidents of equipment burndown are 
many. One of the most publicized episodes involved 
a huge apartment ‘building complex in New York 
City (Fig. |), in which two main 480Y/277-volt 
switchboards were completely destroyed, and two 
5000-ampere service entrance buses were burned- 
off right back to the utility vault, This arcing fault 
blazed and sputtered for over an hour, and in- 
convenienced some 10,000 residents of the devel- 
opment through loss of service to building water 





Figure 1. 

Burndown damage caused by arcing fault. View shows 
low-voltage cable compartments of secondary unit 
substation. 


‘pumps, hall and stair lighting, elevators, appliances, 
and apartment lights. Several days elapsed before ser- 
vice resembling normal was restored through tem- 
porary hookups. illustrations of equipment damage 
in this burndown are shown in Figs. 2 and 3. 

Another example of burndown occurred in the 
Midwest, and resulted in completely gutting a ser- 
vice entrance switchboard and burning up two 
1000-kVA supply transformers. This burndown arc 
current flowed for about |5 minutes. 

In stil! other reported incidents, a Maryland manu- 


facturer experienced four separate burndowns of- 


secondary unit substations in a little over a year; on 
the West Coast a unit substation at an industrial 
process plant burned for more than eight minutes, 
resulting in destruction of the low-voltage switch- 
gear equipment; and this year [1966] several burn- 
downs have occurred in government office buildings 
at scattered locations throughout the country. 

An example of the involvement of the latter type 
of equipment in arcing-fault burndowns is shown in 
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Figure 2 
Service entrance switch and current-limiting fuses 


completely destroyed by arcing fault in main low-voltage 


switchboard. 





Figure 3 a 
Fused feeder switch consumed by arcing fault in high-rise 
apartment main switchboard. No intermediate 
segregating barriers had been used in construction. 


Fig. 4. The arcing associated with this fault continued 
for over 20 minutes, and the fault was finally extin-. 
guished only when the relays on the primary system 
shut down the whole plant. . 

The electrical equipment destruction shown in 
the sample photographs is quite startling, but it 
is only one aspect of this type of fault, Other less 
graphic but no less serious effects of electrical 
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equipment burndown may include personnel fatal- 
ities or serious injury, contingent fire damage, loss 
- of vital services (lighting, elevators, ventilation, fire 
pumps, etc.), shutdown of critical loads, and loss 
of product revenue. It should be pointed out that 
the cases reported have involved both industrial 
and commercial building distribution equipment, 
without regard to manufacturer, geographical loca- 
tion, operating environment, or the presence or 
absence of electrical system neutral grounding. Also, 
the reported burndowns have included a variety of 
distribution equipment—load center unit substa- 
tions, switchboards, busway, panelboards, service- 
entrance equipment, motor control centers, and 
cable in conduit, for example. 
it is obvious, therefore, when all the possible ef- 
fects of arcing-fault burndowns are taken into con- 
sideration, that engineers responsible for electrical 
power system layout and operation should be anx- 
ious both to minimize the probability of arcing faults 
Figure 4 mr, EE | in electrical systems and to alleviate or mitigate the 
Remains of main secondary circuit breaker burned down , ; 
during arcing fault in low-voltage switchgear section of destructive effects of such faults if they should in- 
unit substation. advertently occur despite careful design and the use 
of quality equipment. 





T.i 





SERIES R-L CIRCUIT TRANSIENTS 


Consider the series R-L circuit shown in Figure 7.1. The closing of switch 

SW at ¢ = 0 represents to a first approximation a three-phase short circuit at 

the terminals of an unloaded synchronous machine. For simplicity, assume 

zero fault impedance; that is, the short circuit is a solid or “bolted” fault. The 

current is assumed to be zero before SW closes, and the source angle « de- 

termines the source voltage at ¢ = 0. Writing-a KVL equation for the circuit, 
Ldi(t) 


— + Ril) = V2V sin(wt +a) t>0 (7.1.1) 


The solution to (7.1.1) is 


i(t) = ic(1) + fac(1) 


—- 
= 





> [sin(cot + « — 6) — sin(x — 0)e T] A (1:12) 


FIGURE 7.1 


Current in a series R-L 


circuit with ac voltage 
source 
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eit) = V2V Salat + a) 
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fadt] r4 
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where . 

Vo. 

hat) sm(ot--x—0) A (7.1.3) 

: V . —t/T x 

id(t) = — sin(a — 6)e A (7.1.4) 

Z = \/R? + (oL)? = 1/R? +X? Q (7.1.5) 
EE Cat | 

0 — tan R — tan R (7.1.6) 

L X X 
DURER COUR S (LLH 


The total fault current in (7.1.2), called the asymmetrical fault current, is 
plotted in Figure 7.1 along with its two components. The ac fault current 
(also called symmetrical or steady-state fault current), given by (7.1.3), is a 
sinusoid. The dc offset current, given by (7.1.4), decays exponentially with 
time constant T = L/R. 

The rms ac fault current is. he = V/Z. The magnitude of the dc offset, 
which depends on a, varies from 0 when a = 8 to V2I,, when « = (0 + 2/2). 
Note that a short circuit may occur at any instant during a cycle of the ac- 
source; that is, « can have any value, Since we are primarily interested in the 
largest fault current, we choose « = (0 — 2/2). Then (7.1.2) becomes 


i(t) = V2L,.[sin(ot ^ z/2) +e") A (7.1.8) 


where 
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TABLE 7.1 


Short-circuit current— 
series R—L circuit* 


EXAMPLE 7.1 


Instantaneous Current rms Current 
Component (A) | (A) 
2V . V 
Symmetrical (ac) BE E ee sin(ct + a — 0) lac = 7 
; a 2 —1/T 
de offset l(i) = sin(x — 8)e 





Asymmetrical (total) i(t} = ic(t) + fac(1) Indi) Ni + lac (t) 
with maximum dc offset: 
lims(t) = K(2)Isc 


* See Figure 7.1 and (7.1.1)-(7.1.12). 


The rms value of i(1) is of interest. Since i(t) in (7.1.8) is not strictly periodic, 
its rms value is not strictly defined. However, treating the exponential term as 
a constant, we stretch the rms concept to calculate the rms asymmetrical fault 
current with maximum dc offset, as follows: 


Inns(t) = y [Ec]? + (lae()]? 


= V [lac] + (V2Lce-"T]" 


= le V1 +2e-2/T A - (71.1.10) 


It is convenient to use T = X/(2zfR) and t= t/f, where z is time in cycles, 
and write (7.1.10) as 


Ims(1) = K(t)lac A | (7.1.11) 


where 


K(t) = V1 + 2e-*1/(X/R) per unit (7.1.12) 


From (7.1.11) and (7.1.12), the rms asymmetrical fault current equals the rms 
ac fault current times an "asymmetry factor," K(t). Ims(t) decreases from 
V 314, when t = 0 to In, when r is large. Also, higher X to R ratios (X/R) 
give higher values of Ij4,(z). The above series R-L short-circuit currents are 
summarized in Table 7.1. 


Fault currents: R-L circuit with ac source 


A bolted short circuit occurs in the series R-L circuit of Figure 7.1 with 
V=20 kV, X =8 Q, R 2 0.8 Q, and with maximum dc offset. The circuit 
breaker opens 3 cycles after fault inception. Determine (a) the rms ac fault 
current, (b) the rms “momentary” current at zt = 0.5 cycle, which passes 
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7.2 


FIGURE 7.2 


ac fault current in one 
phase of an unloaded 
synchronous machine 
during a three-phase 
short circuit (the dc 
offset current 1s 
removed) 


through the breaker before it opens, and (c) the rms asymmetrical fault cur- 
rent that the breaker interrupts. 


SOLUTION 
a. From (7.1.9), 


20x10 20x10 
V8) + (0.8)? .. 8.040 
b. From (7.1.11) and (7.1.12) with (X/R) = 8/(0.8) = 10 and c = 0.5 cycle, 
K(0.5 cycle) — VI + 2e-910.5)10 = 1.438 
Imomentary = K(0.5 cycle)Iac = (1.438)(2.488) = 3.576 kA 
c. From (7.1.11) and (7.1.12) with (X/R) = 10 and t = 3 cycles, 


K(3 cycles) = V 1 + 2e-40)/10 = 1,023 


Ins (3 cycles) = (1.023)(2.488) = 2.544 kA B 


Tac = = 2.488 kA 


THREE-PHASE SHORT CIRCUIT—UNLOADED 
SYNCHRONOUS MACHINE 


One way to investigate a three-phase short circuit at the terminals of a 
synchronous machine is to perform a test on an actual machine. Figure 7.2 
shows an oscillogram of the ac fault current in one phase of an unloaded 
synchronous machine during such a test. The dc offset has been removed 


lc) 
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from the oscillogram. As shown, the amplitude of the sinusoidal waveform 
decreases from a high initial value to a lower steady-state value. 

A physical explanation for this phenomenon is that the magnetic flux 
caused by the short-circuit armature currents (or by the resultant armature 
MMF) is initially forced to flow through high reluctance paths that do not 
link the field winding or damper circuits of the machine. This is a result of 
the theorem of constant flux linkages, which states that the flux linking a 
closed winding cannot change instantaneously. The armature inductance, 
which is inversely proportional to reluctance, is therefore initially low. As the 
flux then movés toward the lower reluctance paths, the armature inductance 
increases. 

The ac fault current in a synchronous machine can be modeled by the 
series R-L circuit of Figure 7.1 if a time-varying inductance L(t) or reactance 
X(t) = cL(t) is employed. In standard machine theory texts (3, 4], the fol- 
lowing reactances are defined: 


X4 = direct axis subtransient reactance 
Xj, = direct axis transient reactance 
Xq = direct axis synchronous reactance 


where X5 < X; < Xa. The subscript d refers to the direct axis. There are 
similar quadrature axis reactances X, X;,.and X, (3, 4]. However, if the ar- 
mature resistance 1s small, the quadrature axis reactances do not significantly 
affect the short-circuit current. Using the above direct axis reactances, the in- 
stantaneous ac fault current can be written as 


l | u 
iac(t) = V2E, (se = xL gu 


+ E as x) e Ta 4 x sin (or^ a — 5) (7.2.1) 
where E, is the rms line-to-neutral prefault terminal voltage of the unloaded 
synchronous machine. Armature resistance is neglected 1n (7.2.1). Note that 
at t = 0, when the fault occurs, the rms value of ia¢(t) in (7.2.1) is 

Eg _ w 

Iac(0) = X = I (7.2.2) 
which is called the rms subtransient fault current, 1". The duration of I” is 
determined by the time constant T}, called the direct axis short-circuit sub- 
transient time constant. 

At a later time, when z is large compared to T; but small compared to 
the direct axis short-circuit transient time constant Th, the first exponential 
term in (7.2.1) has decayed almost to zero, but the second exponential has 
not decayed significantly. The rms ac fault current then equals the rms tran- 
sient fault current, given by 


Eg 


-x (7.2.3) 


r 
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"TABLE 7.2 


Short-circult current. — 


unloaded synchronous 
machine* 


EXAMPLE 7.2 
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Instantaneous Current rms Current 
Component (A) (A) 


1 4} 
Inc (2) = Ej (s = x) e Ti 
t d 


l l , 1 
-} S em ey 
(s: x) Xa 


Symmetrical (ac) (7.2.1) 


Subtransient I" = E,/ Xa 
Transient l- E,y/ X, 
Steady-state I = E,/X; 


jac(t) = V2 eTa 
i(t) = fac(t) + fac(1) 


Maximum dc offset 
Asymmetrical (total) 


Ims(t) 1 V Lets) sd ia (0? 


with maximum dc offset: 


Inms(1) = V/ lac(1)? + [V2 eTa]? 


*See Figure 7.2 and (7.2.1)-(7.2.5). 


When z is much larger than T}, the rms ac fault current approaches its 
steady-state value, given by 


Ej 


Tae(00) = x* =I (7.2.4) 


Since the three-phase no-load voltages are displaced 120° from each 
other, the three-phase ac fault currents are also displaced 120° from each 


other. In addition to the ac fault current, each phase has a different dc offset. 


The maximum dc offset in any one phase, which occurs when « — 0 in (7.2.1), 
is 


E e T^ — "etl TA 
where T4 is called the armature time constant. Note that the magnitude of 
the maximum dc offset depends only on the rms subtransient fault current I". 
The above synchronous machine short-circuit currents are summarized in 
Table 7.2. 

Machine reactances X5, X}, and X4 as well as time constants T}, T, 
and TA are usually provided by synchronous machine manufacturers. They 
can also be obtained from a three-phase short-circuit test, by analyzing an 
oscillogram such as that in Figure 7.2 [2]. Typical values of synchronous ma- 
chine reactances and time constants are given in Appendix Table A.1. 


end. 


lacmax(£) = 2:5) 


Three-phase short-circuit currents, unloaded synchronous generator 


A 500-MVA 20-kV, 60-Hz synchronous generator with reactances X} = 0.15, 
X,—0.24,X, = l.1l per unit and time constants T; = 0.035, T; = 2.0, 
Ta = 0.20 s is connected to a circuit breaker. The generator is operating at 
5% above rated voltage, and at no-load when a bolted three-phase short cir- 
cuit occurs on the load side of the breaker. The breaker interrupts the fault 
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3 cycles after fault mception. Determine (a) the subtransient fault current 
in per-unit and kA rms; (b) maximum dc offset as a function of time; and 
(c) rms asymmetrical fault current, which the breaker interrupts, assuming 
maximum dc offset. 


SOLUTION 


.&. The no-load voltage before the fault occurs is E; = 1.05 per unit. From 
(7.2.2), the subtransient fault current that occurs in each of the three 
phases is 

1.05 


I^ 0357 7.0 per unit 


The generator base current is 
Sae 500 
3V rated — (V8) (20) 


The rms subtransient fault current in KA is the per-unit value multiplied by 
the base current: 


I” = (7.0)(14.43) = 101.0 kA 

b. From (7.2.5), the maximum dc offset that may occur in any one phase is 
idemax(t) = V 2(101.0)e77/920 = 142.9e7/920 kA 

c. From (7.2.1), the rms ac fault current at t= 3 cycles = 0.05 s is 


l l —0.05/0.035 
L4.(0.05 s) = 1. si: T Tek 


l I Y 0950 , ! 
i: (zz nae al 


= 4.920 per unit 
= (4.920)(14.43) = 71.01 kA 


Modifying (7.1.10) to account for the time-varying symmetrical compo- 
nent of fault current, we obtain 


RS = 14.43 kA 


Ir (0.05) = 4/ [Tac(0.05)|* + (V2I"e-'/T.]? ; 
1 


2 
e—2t/Ta 
I4. (0.05) 


= I4:(0.05)4/1 + oos 


3 101 
2 g- 2(0.05)/0.20 
(71.01) alr ua 


= (71.01)(1.8585) 
=132 kA E 


7.3 


FIGURE 7.3 


Single-line diagram of a 


synchronous generator 
feeding a synchronous 
. motor 
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POWER SYSTEM THREE-PHASE SHORT CIRCUITS 


In order to calculate the subtransient fault current for a three-phase short cir- 
cuit in a power system, we make the following assumptions: 


1. Transformers are represented by their leakage reactances. Winding 
resistances, shunt admittances, and A-Y phase shifts are neglected. 


2. Transmission lines are represented by their equivalent series react- 
ances. Series resistances and shunt admittances are neglected. 


3. Synchronous machines are represented by constant-voltage sources 
behind subtransient reactances. Armature resistance, saliency, and 
saturation are neglected. 


4. All nonrotating impedance loads are neglected. 


5. Induction motors are either neglected (especially for small motors 
rated less than 50 hp) or represented in the same manner as synchro- 
nous machines. | 


These assumptions are made for simplicity in this text, and in practice they 
should not be made for all cases. For example, in distribution systems, re- 
sistances of primary and secondary distribution linés may in some cases sig- 
nificantly reduce fault current magnitudes. l 

Figure 7.3 shows a single-line diagram consisting of a synchronous 
generator feeding a synchronous motor through two transformers and a 
transmission line. We shall consider a three-phase short circuit at bus 1. The 
positive-sequence equivalent circuit is shown in Figure 7.4(a), where the 
voltages E; and Ej are the prefault internal voltages behind the subtransient 
reactances of the machines, and the closing of switch SW represents the fault. 
For purposes of calculating the subtransient fault current, E; and E, are 
assumed to be constant-voltage sources. 

In Figure 7.4(b) the fault is represented by two opposing voltage sources 
with equal phasor values Vp. Using superposition, the fault current can then 
be calculated from the two circuits shown in Figure 7.4(c). However, if Vp 
equals the prefault voltage at the fault, then the second circuit m Figure 
7.4(c) represents the system before the fault occurs. As such, J-, = 0 and. Vr, 


T; Tz ; 
1 2 
100 MVA 100 MVA Xme = 200 100 MVA 100 MVA 
13.8 kV 13.8 kV A/138 kVY 138 kVY/13.8 kVA 13.8 kV 


X 2-015 X=010 X = 0.10 x” = 0.20 
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] Xune [Xn 2 ls 1 $ m 2 





| jXn 


j0.1050 . jO.1 


(a) Three-phase short circuit: (b) Short circuit represented by 
two opposing voltage sources 


loi i Imi lg I2 





(c) Application of superposition 


Ini 





(d) Ve set equal to prefault voltage at fault 


= FIGURE 7.4 Application of superposition to a power system three-phase short circuit 


which has no effect, can be removed from the second circuit, as shown in 
Figure 7.4(d). The subtransient fault current is then determined from the first 
circuit in Figure 7.4(d), I? = I$. The contribution to the fault from the gen- 
erator is J’ = I7, + Ij, = I7, + Ii, where J, is the prefault generator current. 


g 
Similarly, 77, = I7, — h. 


EXAMPLE 7.3 Three-phase short-circuit currents, power system 


The synchronous generator in Figure 7.3 is operating at rated MVA, 0.95 p.f. 
lagging and at 5% above rated voltage when a bolted three-phase short cir- 
cuit occurs at bus 1. Calculate the per-unit values of (a) subtransient fault 
current; (b) subtransient generator and. motor currents, neglecting prefault 
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current; and (c) subtransient generator and motor currents including prefault 
current. 


SOLUTION 


a. Using a 100-MVA base, the base impedance in the zone of the transmis- 
sion line is 





138)? 
Z base, line = ( = = 19044 Q 
and 
20 
A = 190 44 = 0.1050 per unit 


The per-unit reactances are shown in Figure 7.4. From the first circuit in 
Figure 7.4(d), the Thévenin impedance as viewed from the fault is 


- ww gO SO DOD) ic 
Zyn = jXqn = j (0.150.505) - jO0.11565 per unit 


and the prefault voltage at the generator terminals is 
Vg =1.05/0° per unit 


The subtransient fault current is then 


Iz Zu j0.11565 J9.079 per unit 


b. Using current division in the first circuit of Figure 7.4(d), 


0.505 
HH — it = —J = 1 i i 
"= LT T i 3r (0.7710)(—j9.079) = —j7.000 per unit 


Ho 0.15 p. ‘ "t ; A 
ml = (osos aos)! = (0.2290) (— 79.079) = j2.079 per unit 


c. The generator base current is 


100 

Iu = ———___ 244837 kA 

mere? (3)3.8) 

and the prefault generator current is 
100 
l = ——————————— [| —cos ! 0.95 = 3.9845/—18.19° kA 
t (V/3)(1.05 x 13.8) 
a Ma ER — 0.9524/ —18.19* 


— 0.9048 — j0.2974 per unit 
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7.4 


The subtransient generator and motor currents, mcluding prefault current, 
are then 


I! = I} + I, = — j7.000 + 0.9048 — 70.2974 

= 0.9048 — 77.297 = 7.353/ —82.9? per unit 
I" — 1^, h, = —j2.079 — 0.9048 + j0.2974 

= —0.9048 — j1.782 = 1.999/243.1° per unit 


An alternate method of solving Example 7.3 is to first calculate the 
internal voltages £7 and Ej, using the prefault load current ZL. Then, instead 
of using superposition, the fault currents can be resolved directly from the 
circuit in Figüre 7.4(a) (see Problem 7.11). However, in a system with many 
synchronous machines, tbe superposition method has the advantage that all 
machine voltage sources are shorted, and the prefault voltage is tbe only 
source required to calculate the fault current. Also, when calculating the con- 
tributions to fault current from each branch, prefault currents are usually 
small, and hence can be neglected. Otherwise, prefault load currents could 
be obtained from a power-flow program. | a 


BUS IMPEDANCE MATRIX 


We now extend the results of the previous section to calculate subtransient 
fault currents for three-phase faults in an N-bus power system. The system is 
modeled by its positive-sequence network, where lines and transformers are 
represented by séries reactances and synchronous machines are represented 
by constant-voltage sources behind subtransient reactances. As before, all re- 
sistances, shunt admittances, and nonrotating impedance loads are neglected. 
For simplicity, we also neglect prefault load currents. 

Consider a three-phase short circuit at any bus n. Using the superpo- 


_ sition method described in Section 7.3, we analyze two separate circuits. (For 


example, see Figure 7.4d.) In the first circuit, all machine-voltage sources are 
short-circuited and the only source is due to the prefault voltage at the fault. 
Writing nodal equations for the first circuit, 


Yue) = I/P (7.4.1) 


where Ypus 1s the positive-sequence bus admittance matrix, E( is the vector 
of bus voltages, and 7") is the vector of current sources. The superscript (1) 
denotes the first: circuit. Solving (7.4.1), 


Zous = EU (7.4.2) 


where 


EXAMPLE 7.4 
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Zous = Vine (7.4.3) 


Zus, the inverse of Yous, is called the positive-sequence bus impedance ma- 
trix. Both Zus and Yy are symmetric matrices. 
Since the first circuit contains only one source, located at faulted bus n. 


the current source vector contains only one nonzero component, NY ——I. 
Also, the voltage at faulted bus n in the first circuit ts EL? = — yy, Rewriting 
(7.4.2), 
(1) 
Zu Zn ccc Zu c Zi 0 E, 
Zu Z2 c Ly c5 Low 0 Ej. 
wl (7.4.4) 
Ly) Zu a Zn tC. Zan -Ig, — Vr 
ZN ZN o Znin coo ENN 0 EV 


The minus sign associated with the current source in (7.4.4) indicates that the 
current injected into bus 7 is the negative of Jẹ, since Jẹ, flows away from 


bus n to the neutral. From (7.4.4), the subtransijent fault current is 








Ve 
IE = 7.4.5 
Fn Zyn ( ) 
Also from (7.4.4) and (7.4.5), the voltage at any bus & in the first circuit is 
-Z n 
EP = Z4(-H)- 7 P" ye (7.4.6) 


The second circuit represents the prefault conditions. Neglecting pre- 
fault load current, all voltages throughout the second circuit are equal to the 


prefault voltage; that is, EC = Vr for each bus k. Applying superposition, 





— Zkn 
E, = EU + EC! = — ye + Ve 
Zn 
Zin 
-= (1-5) v k21,2,...,N (7.4.7) 


Using Z,,, to compute three-phase short-circuit currents 
in a power system 


Faults at bus 1 and 2 in Figure 7.3 are of interest. The prefault voltage is 
1.05 per unit and prefault load current is neglected. (a) Determine the 2 x 2 
positive-sequence bus impedance matrix. (b) For a bolted three-phase short 
circuit at bus 1, use Zus to calculate the subtransient fault current and the 
contribution to the fault current from the transmission line. (c) Repeat part 
(b) for a bolted three-phase short circuit at bus 2. 
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FIGURE 7.5 ] —}3.2787 2 


Circuit of Figure 7.4(a) 


showing per-unit B 
admittance values ~/ 9-598? 





SOLUTION 

a. The circuit of Figure 7.4(a) is redrawn in Figure 7.5 showing per-unit ad- 
mittance rather than per-unit impedance values. Neglecting prefault load 
current, E? = Ep = Vr = 1.05/0° per unit. From Figure 7.5, the positive- 
sequence bus admittance matrix 1s 

9.0454  —3.2787 


-32787 US per unit 


Y bus = zi 
Inverting Y», 


0.11565 0.04580 
Zbus = m Yous — +i 


0.04580 0.13893 
b. Using (7.4.5) the subtransient fault current at bus | 1s 


Ve 105/0" | | 
" 9.07 
FI“ 7, jOls65s ^ 079 per unit 


which agrees with the result in Example 7.3, part (a). The voltages at buses 
I and 2 during the fault are, from (7.4.7), 


7 Zi 
Ej = (1- Zn <0 


| per unit 


f. Zu j0.04580 : ; 
&- (1-32) r= (1 - 2.04880), ose. 0.6342/0° 


The current to the fault from the transmission line is obtained from 
the voltage drop from bus 2 to | divided by the impedance of the line and 
transformers T; and T»: 

E ~ E) _ 0.6342 — 0 
7(Xine Xn Xp) — j0.3050 


which agrees with the motor current calculated in Example 7.3, part (b), 
where prefault load current is neglected. 


I = —j2.079 per unit 
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c. Using (7.4.5), the subtransient fault current at bus 2 is 


Jii Ve. 85/07 | 
I zZ SCO a — 2 d 
F2 = T^ 0.13893 J7.558 "per unit 


and from (7.4.7), 


Zi j0.04580 
jS T — o o 
( 7 zi)" - raps) 105/02 = = 0.7039/0 


li 


Ei 
22 


Zo 
= | | — Ve =O 
a í za d 


The current to the fault from the transmission line is 


Ei- E, - 30: 4099 90 . 


JUN EUN ors o] 2.308 it B 
- J(X iine + Kay + Xp) j0.3050 E. 3 per unti 


Ii 


Figure 7.6 shows a bus impedance equivalent circuit that illustrates the short- 
circuit currents in an N-bus system. This circuit is given the name rake equiv- 
alent Àn Neuenswander [5] due to its shape, which is similar to a garden rake. 

The diagonal elements Z1, Zz;,..., Zyn of the bus impedance matrix, 
which are the self-impedances, are shown in Figure 7.6. The off-diagonal ele- 
ments, or the mutual impedances, axe indicated by the brackets in the figure. 

Neglecting prefault load currents, the 1nternal voltage sources of all 
synchronous machines are equal both in magnitude and phase. As such, they 
can be connected, as shown in Figure 7.7, and replaced by one equivalent 
source Ve from neutral bus 0 to a references bus, denoted r. This equivalent 
source is also shown in the rake equivalent of Figure 7.6. 


FIGURE 7.6 | © 


Bus impedance 
equivalent circuit (rake 
equivalent) 4 
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FIGURE 7.7 


Parallel connection of 
unloaded synchronous 
machine internal-voltage 
sources 


EXAMPLE 7.5 













Impedance network 
including generator impedances 


impedance network 





Using Zpus, the fault currents m Figure 7.6 are given by 


Zi Z2 c Zu c ZIN li Ve — E 
Zu Z» ^ Zw © Lan | | b Ve — E» 
| | f= | (7.4.8) 
Zi Lm E Zn DU Lun I, Vr — E, 
Zw Zm c Zw) c Lyn | | in Vp — Ew 


where A, /^,... are the branch currents and (Vr — Ej), (Vp — E5),... are the 
voltages across thé branches. B 

If switch SW in Figure 7.6 1s open, all currents are zero and the voltage 
at each bus with respect to the neutral equals Vg. This corresponds to pre- 
fault conditions, neglecting prefault load currents. If switch SW is closed, 
corresponding to a short circuit at bus n, E, = 0 and all currents except 
J, remain zero. The fault current is 72, = J, = Vg/Z,,, which agrees with 
(7.4.5). This fault current also induces a voltage drop ZinJy = (Zen/Zin) Ve 
across each branch k. The voltage at bus k with respect to the neutral then 
equals Vr minus this voltage drop, which agrees with (7.4.7). 

As shown by Figure 7.6 as well as (7.4.5), subtransient fault currents 
throughout an N-bus system can be determined from the bus impedance 
matrix and the préfault voltage. Zyu, can be computed by first constructing 
Yous, via nodal equations, and then inverting Yy4. Once Zous has been ob- 
tained, these fault currents are easily computed. 


PowerWorld Simulator case Example 7 5 models the 5-bus power system 
whose one-line diagram is shown in Figure 6.2. Machine, line, and trans- 
former data are given in Tables 7.3, 7.4, and 7.5. This system is initially un- 
loaded. Prefault voltages at all the buses are 1.05 per unit. Use PowerWorld 
Simulator to determine the fault current for three-phase faults at each of the 
buses. 


TABLE 7.3 


Synchronous machine 
data for 
SYMMETRICAL 
SHORT CIRCUITS 
program* 


TABLE 7.4 


Line data for 
SYMMETRICAL 
SHORT CIRCUITS 


program 


TABLE 7.5 


Transformer data for 
SYMMETRICAL 
SHORT CIRCUITS 
program 


TABLE 7.6 
Zus for Example 7.5 
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Machine Subtransient Reactance—X, 


Bus (per unit) 
| (0.045 

3 [0238 
* Shae = 100 MVA 


Vise = 15 KV at buses 1, 3 
= 345 kV at buses 2, 4, 5 


Equivalent Positive-Sequence Series Reactance 


Bus-to-Bus (per unit) 

2—4 0.i 

2-5 0.05 

4-5 0.025 
Leakage Reactance—X 

Bus-to-Bus (per unit) 

1-5 0.02 

3-4 0.01 


SOLUTION To fault a bus from the one-line, first right-click on the bus sym- 
bol to display the local menu, and then select “Fault.” This displays the Fault 
dialog. The selected bus will be automatically selected as the fault location. 
Verify that the Fault Location is “Bus Fault" and the Fault Type is “3 Phase 
Balanced" (unbalanced faults are covered in Chapter 9). Then select ''Calcu- 
late" to determine the fault currents and voltages. The results are shown in 
the tables at the bottom of the. dialog. Additionally, the values can be ani- 
mated on the one-line by changing the Oneline Display Field value. Since 
with a three-phase fault the system remains balanced, the magnitudes of the a 
phase, b phase and c phase values are identical. The 5 x 5 Zus matrix for 
this system is shown in Table 7.6, and the fault currents and bus voltages foi 
faults at each of the buses are given in Table 7.7. Note that these fault cur- 
rents are subtransient fault currents, since the machine reactance input data 
consist of direct axis subtransient reactances. | 


0.0279725 0.0177025 0.0085125 0.0122975 0.020405 
0.0177025 0.0569525 0.0136475 0.019715 0.02557 
j | 0.0085125 0.0136475 0.0182425 0.016353 0.012298 
0.0122975 0.019715 0.016353 0.0236 0.017763 
0.020405 0.02557 0.012298 0.017763 0.029475 
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TABLE 7,7 Contributions to Fault Current 
Fault currents and bus Fault Current Gen Line Current 
voltages for Example 7.5 — Fault Bus (per unit) or TRSF Bus-to-Bus (per unit) 
l 37.536 
GI GRND-1 23.342 
TÌ 5-l 14.204 
2 18.436 
L] 4-2 6.864 
L2 5-2 11.572 
3 57.556 
G 2 GRND-3 46.668 
, T2 4—3 10.888 
4 44.456 
El 2—4 1.736 
L3 5—4 10.412 
T2 3-4 32.308 
5 35,624 
L2 2-5 2,78 
E3 4-5 16.688 
5 16.152 


TI {- 





Per-Unit Bus Voltage Magnitudes during the Fault 


Ve = 1.05 SS 
Fault Bus: Bus | Bus 2 Bus 3 Bus 4 Bus 5 
I 0.0000 0.7236 0.5600 0.5033: 0.3231 
2 0.3855 0.0000 0.2644 0.1736 0.1391 
3 0.7304 0.7984 0.0000 0.3231 0.6119 
4 0.5884 0.6865 0.1089 0.0000 0.4172 
5 0.2840 0.5786 0.3422 0.2603 0.0000 


‘$4 Fault Analysis 


FaR Data | Faton] o 


eere a 
[E Satb Hane E Sony Nuba 





IY. Tes x » - 
acd i end RU n MBA zo mE 


Fault Analysis Dialog for Example 7.5—fault at bus | 
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Screen for Example 7.5—fault at bus 2 





EXAMPLE 7.6 


Redo Example 7.5 with an additional line installed between buses 2 and 4. This 
line, whose reactance is 0.075 per unit, is not mutually coupled to any other line. 


SOLUTION The modified system is contained in PowerWorld Simulator case 


Example 7 6. Zus along with the fault currents and bus voltages are shown 
in Tables 7.8 and 7.9. 


TABLE 7.8 0.027723 0.01597 0.00864 0.01248 0.02004 
0.01597 0.04501 0.01452 0.02097 0.02307 
0.00864 0.01452 0.01818 0.01626 0.01248 
0.01248 0.02097 0.01626 0.02349 0.01803 
0.02004. 0.02307 0.01248 0.01803 0.02895 


Zpys for Example 7.6 
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TABLE 7.9 Contributions to Fault Current 
Fault currents and bus Fault Current Gen Line Current 
voltages for Example 7.6 — Fault Bus (per unit) or TRSF Bus-to-Bus (per unit) 
1 37.872 
G |] GRND-I 23.337 
T | 5-1 14.544 
2 23.328 
L | 4-2 ^. $.608 
L2 3-2 10.24 
L4 4-2 7.48 
3 57.756 
Go GRND-3 46.668 
is 4-3 11.088 
4 44.704 
I ] 2-4 1.128 
L3 5-4 9.768 
L 4 3-4 1.504 
a ee 3-4 32,308 
5 36.268 
2 2-5 4.268 
L3 4-5 15.848 
TI iS 16.152 


Per-Unic Bus Voltage Magnitudes during the Fault 


Ve = 1.05 0 

Fault Bus: Bus | Bus 2 ‘Bus 3 Bus 4 Bus-5 

| 0.0000 0.6775 0.5510 0.4921 0.3231 

2 0.4451 0.0000 0.2117 0.1127 0.2133 

3 0.7228 0.7114 0.0000 0.3231 0.5974 

4 0.5773 0.5609 0.1109 0.0000 0.3962 

5 0.2909 ` 0.5119 0.3293 0.2442 0.0000 
E 


7.5 
CIRCUIT BREAKER AND FUSE SELECTION 


A SHORT CIRCUITS computer program may be utilized in power system 
design to select, set, and coordinate protective equipment such as circuit 
breakers, fuses, relays, and instrument transformers. In this section we discuss 
basic principles of circuit breaker and fuse selection. 


AC CIRCUIT BREAKERS 


A circuit breaker 1s a mechanical switch capable of interrupting fault currents ' 
and of reclosing. When circuit-breaker contacts separate while carrying cur- 
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rent, an arc forms. The breaker is designed to extinguish the arc by elongat- 
ing and cooling tt. The fact that ac arc current naturally passes through zero 
twice during its 60-Hz cycle aids the arc extinction process. 

Circuit breakers are classified as power circuit breakers when they are 
intended for service.in ac circuits above 1500 V, and as /ow-voltage circuit 
breakers in ac circuits up to 1500 V. There are different types of circuit 
breakers depending on the medium—air, oil, SF& gas, or vacuum—4ün which 
the arc 1s elongated. Also, the arc can be elongated either by a magnetic force 
or by a blast of air. 

Some circuit breakers are equipped with a high-speed automatic reclos- 
ing capability. Since most faults are temporary and self-clearing, reclosing is 
based on the idea that if a circuit is deenergized for a short time, it is likely 
that whatever caused the fault has disintegrated and the ionized arc in the 
fault has dissipated. 

When reclosing breakers are employed in EHV systems, standard prac- 
tice is to reclose only once, approximately 15 to 50 cycles (depending on op- 
erating voltage) after the breaker interrupts the fault. If the fault persists and 
the EHV breaker recloses into it, the breaker reinterrupts the fault current 
and then “locks out," requiring operator resetting. Multiple-shot reclosing tn 
EHV systems is not standard practice because transient stability (Chapter 13) 
may be compromised. However, for distribution systems (2.4-46 kV) where 
customer outages are of concern, standard reclosers are equipped for two or 
more reclosures. . 

For low-voltage applications, molded case circuit breakers with dual 
trip capability are available. There is a magnetic instantaneous trip for large 
fault currents above a specified threshold, and a thermal trip with time delay 
for smaller fault currents. 

Modern circuit-breaker standards are based on symmetrical interrupt- 
ing current. It 1s usually necessary to calculate only symmetrical fault current 
at a system location, and then select a breaker with a symmetrical interrupt- 
ing capability equal to or above the calculated current. The breaker has the 
additional capability to interrupt the asymmetrical (or total) fault current 1f 
the dc offset 1s not too large. 

Recall from Section 7.1 that the maximum asymmetry factor K (t = 0) 
is V3, which occurs at fault inception (t = 0). After fault inception, the dc 
fault current decays exponentially with time constant T = (L/R) = (X/oR), 
and the asymmetry factor decreases. Power circuit breakers with a 2-cycle 
rated interruption time are designed for an asymmetrical interrupting capa- 
bility up to 1.4 times their symmetrical interrupting capability, whereas slower 
circuit breakers have a lower asymmetrical interrupting capability. 

A simplified method for breaker selection is called the "E/X simplified 
method" [1, 7]. The maximum symmetrical short-circuit current at the sys- 
tem location 1n question is calculated from the prefault voltage and system 
reactance characteristics, using computer programs. Resistances, shunt ad- 
mittances, nonrotating impedance loads, and prefault load currents are 
neglected. Then, if the X/R ratio at the system location is less than 15, a 
breaker with a symmetrical interrupting capability equal to or above the cal- 
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TABLE 7.10 Rated Values 
Preferred ratings for | Insulation Level - 
outdoor circuit breakers ———————— Current 
(symmetrical current Voltage Rated Withstand 
basis of rating) [10] Identification TT Test Voltage Rated Rated Short- 
(Application Guide for Rated Rated ————— — Continuous Circuit 
AC High-Voltage Nominal Nominal Max Voltage Low Current at Current 
Circuit Breakers Rated Voltage — 3-Phase Voltage Range Fre- Impulse 60 Hz (at Rated 
on a Symmetrical Class MVA (kV, | Factor quency (kV, (Amperes, Max kV} 
Current Basis, ANSI (kV. rms) Class rms) (K)  (kV,rms) Crest) rms) (kA, rms) 
C37.019 (New ok Coli Col2  Col3 Col4  Col5  Colé  Col7 Col 8 
Standards Institute, — 44, 250 15.5 267 600 8.9 
1972) — i44 500 155 4.29 1200 18 
23 500 25.8 2.15 1200 11 
34.5 1500 38 1.65 1200 22 
46 1500 48.3 1.21 1200 17 
69 2500 725 121 1200 19 
115 12] 1.0 1200 20 
115 121 1.0 1600 40 
115 121 1.0 2000 40 
115 12] 1.0 2000 63 
115 12] ` 1.0 3000 40 
115 121 1.0 3000 63 
[38 145 1.0 1200 20 
138 Not 145 1.0 1600 40 
138 145 1.0 2000 40 
138 145 1.0 2000 63 
138 145 1.0 2000 80 
138 Applicable — 145 1.0 3000 40 
138 145 1.0 3000 63 
138 145 1.0 3000 80 
161 169 1.0 1200 16 
161 169 1.0 1600 31.5 
16] 169 1.0 2000 40 
16] 169 1.0 2000 50 
230 242 1.0 1600 31.5 
230 242 1.0 2000 31.5 
230 242 1.0 3000 31.5 
230 242 1.0 2000 40 
230 242 1.0 3000 40 
230 242 1.0 3000 63 
345 362 1.0 2000 40 
345 362 1.0 3000 40 
500 550 1.0 2000 40 
500 550 1.0 3000 40 
700 765 1.0 2000 40 


700 765 1.0 3000 40 
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TABLE 7.10 Related Required Capabilities 
(continued) Current Values 
Max 3-Second 
Symmet- ^  Short-Fime 
p Current Closing and 
Rated Values Interrupting Carrying Latching 
T Capability Capability Capability 
Rated Rated Max See ooo a LEK Times 
Rated Permissible Voltage K Times Rated Short- Rated Short- 
Interrupting Tripping Divided Circuit Current Circuit 
Time Delay by K — m m Current 
(Cycles) (Seconds) (kV, rms) (kA, rms) (kA, rms) (kA, rms) 
Col 9 Col 10 Col li Col 12 Col 13 Col 14 
5 f 5.8 24 24 38 
5 2 12 23 23 37 
5 2 12 24 24 | 38 
5 2 23 36 36 58 
5 2 40 2l 21 33 
5 2 60 23 23 37 
3 J 121 20 20 32 
3 ] 121 40 40 64 
3 ] 121 40 40 64 
3 ] 121 63 63 101 
3 l 121 40 40 64 
3 l 121 63 63 (01 - 
3 | 145 20 20 32 
3 | 145 40 40 64 
3 ] 145 40 40 64 
3 l 145 63 63 101 
3 ] 145 80 80 128 
3 l 145 40 40 64 
3 ] 145 63 63 101 
3 l 145 80 80 128 
3 ] 169 16 16 26 
3 l 169 31.5 3125 50 
3 ] 169 40 40 64 
3 l 169 50 50 80 
3 ] 242 34.5 31.5 30 
3 ] 242 31.5 31.5 50 
3 l 242 31.5 31:3 50 
3 ] 242 40 40 64 
3 l 242 40 40 64 
3 l 242 63 63 101 
3 [ 362 40 40 64 
3 ] 362 40 40 64 
2 l 550 i 40 40 64 
2 l 550 40 40 . 64 
2 l 765 40 40 64 
2 1 765 40 40 64 
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culated current at the given operating voltage is satisfactory. However, 1f 


. X/R 1s greater than 15, the dc offset may not have decayed to a sufficiently 


low value. In this case, a method for correcting the calculated fault current to 
account for de and ac time constants as well as breaker speed can be used 
[10]. If X/R is unknown, the calculated fault current should not be greater 
than 80% of the breaker interrupting capability. 

When selecting circuit breakers for generators, two cycle breakers are 
employed in practice, and the subtransient fault current is calculated; there- 
fore subtransient machine reactances X} are used in fault calculations. For 
synchronous motors, subtransient reactances X4 or transient reactances X/ 
are used, depending on breaker speed. Also, induction motors can momen- 
tanly contribute to fault current. Large induction motors are usually modeled 
as sources in series with X} or X/,, depending on breaker speed. Smaller in- 
duction motors (below 50 hp) are often neglected entirely. 

Table 7.10 shows a schedule of preferred ratings for outdoor power cir- 
cuit breakers. We describe some of the more important ratings shown next. 


Voltage ratings 


—— —— —Rated maximum voltage: Designates the maximum rms line-to-line op-. 


erating voltage. The breaker should be used in systems with an operat- 
ing voltage less than or equal to this rating. 


Rated low frequency withstand voltage: The maximum 60-Hz rms line- 
to-line voltage that the circuit breaker can withstand without insulation 
damage. 


Rated impulse withstand voltage: The maximum crest voltage of a volt- 
age pulse with standard rise and delay times that the breaker insulation 
can withstand. 


Rated voltage range factor K: The range of voltage for which the sym- 
metrical interrupting capability times the operating voltage is constant. 


Current ratings 


Rated continuous current: The maximum 60-Hz rms current that the 
breaker can carry continuously while it 1s in the closed position without 
overheating. | 


Rated short-circuit current: The maximum rms symmetrical current that 
the breaker can safely interrupt at rated maximum voltage. 


Rated momentary current: The maximum rms asymmetrical current that 
the breaker can withstand while in the closed position without damage. 
Rated momentary current for standard breakers 1s 1.6 times the sym- 
metrical interrupting capability. 


Rated interrupting time: The time in cycles on à 60-Hz basis from 
the instant the trip coil is energized to the instant the fault current is 
cleared. 


FIGURE 7.8 


Symmetrical interrupting 


capability of a 69-kV 
class breaker 


EXAMPLE 7.7 
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Symmetrical 
interrupting 
capability 
(kå) 





Operations 


it 
60 V 72.5 bu 


Rated interrupting MVA: For a three-phase circuit breaker, this is v3 
times the rated maximum voltage in kV times the rated short-circuit 
current in kÁ. It is more common to work with current and voltage 
ratings than with MVA rating. 


As an example, the symmetrical interrupting capability of the 69-kV 
class breaker listed in Table 7.10 ts plotted versus operating voltage in Figure 
7.8. As shown, the symmetrical interrupting capability increases from its 
rated short-circuit current I = 19 kA at rated maximum voltage Vmax = 
72.5 kV up to Imax = KI = (1.21)(19) = 23 kA at an operating voltage 
Vmin = Vmax/K = 72.5/1.21 = 60 kV. At operating voltages V between Vmin 
and Vmax, the symmetrical mterrupting capability is I x Vmax/V = 1378/V kA. 
At operating voltages below Vmin, the symmetrical interrupting capability re- 
mains at Imax = 23 kA. 

Breakers of the 115-kV class and higher have a voltage range factor 
K = 1.0; that is, their symmetrical interrupting current capability remains 
constant. 


Circuit breaker selection 


The calculated symmetrical fault current is 17 kA at a three-phase bus where 
the operating voltage is 64 kV. The X/R ratio at the bus is unknown. Select a 
circuit breaker from Table 7.10 for this bus. 


SOLUTION The 69-kV-class breaker bas a symmetrical interrupting capabil- 
ity I(Vmax/ V} = 19(72.5/64) = 21.5 kA at the operating voltage V = 64 kV. 
The calculated symmetrical fault current, 17 kA, is less than 80% of this ca- 
pability (less than 0.80 x 21.5 = 17.2 kA), which is a requirement when X/R. 
is unknown. Therefore, we select the 69-kV-class breaker from Table 7.10. M 
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-~FIGURE 7.9 - - 


Typical fuse 


FUSES 


Figure 7.9(a) shows a cutaway view of a fuse, which 1s one of the simplest 
overcurrent devices. The fuse consists of a metal "fusible" link or links en- 
capsulated in a tube, packed in filler material, and connected to contact ter- 
minals. Silver is a typical link metal, and sand is a typical filler material. 

During normal operation, when the fuse is operating below its continu- 
ous current rating, the electrical resistance of the link is so low that it simply 
acts as a conductor. If an overload current from one to about six times its 
continuous current rating occurs and persists for more than a short intérval 
of time, the temperature of the link eventually reaches a level that causes 
a restricted segment of the link to melt. As shown in Figure 7.9(b), a gap 
is then formed and an electric arc is established. As the arc causes the link 
metal to burn back, the gap width increases. The resistance of the arc even- 
tually reaches such a high level that the arc cannot be sustained and it is 
extinguished, as in Figure 7.9(c). The current flow within the fuse is then 
completely cut off. 





filler 


(a) Cutaway view 





(b) The link melts and an arc is established 
under sustained overload current 





(c) The "open" link after clearing the 
overload current. 


FIGURE 7.10 


Operation of a 
current-limiting fuse 
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ys Available fault current 


7 \ — Without the fuse 
\ 





Initiation of 


fault current — Fuse opens and clears 
short circuit in less 
than half a cycle 


If the fuse is subjected to fault currents higher than about six tumes its 
continuous current rating, several restricted segments melt simultaneously, 
resulting m rapid arc suppression and fault clearing. Arc suppression 1s accel- 
erated by the filler material 1n the fuse. 

Many modern fuses are current limiting. As shown in Figure 7.10, a 
current-limiting fuse has such a high speed of response that it cuts off a high 
fault current in less than a half cycle—before it can build up to its full peak 
value. By limiting fault currents, these fuses permit the use of motors, trans- 
formers, conductors, and bus structures that could not otherwise withstand 
the destructive forces of higb fault currents. 

Fuse specification is normally based on the following four factors. 


1. Voltage rating. This rms voltage determines the ability of a fuse 
to suppress the internal arc that occurs after the fuse link melts. A 
blown fuse should be able to withstand its voltage rating. Most low- 
voltage fuses have 250- or 600-V ratings. Ratings of medium-voltage 
fuses range from 2.4 to 34.5 kV. 


2. Continuous current rating. The fuse should carry this rms current in- 
definitely, without melting and clearing. 


3. Interrupting current rating. This is the largest rms asymmetrical cur- 
rent that the fuse can safely interrupt. Most modern, low-voltage 
current-limitmg fuses have a 200-kA interrupting rating. Standard 
interrupting ratings for medium-voltage current-limiting fuses im- 
clude 65, 80, and 100 kA. 


4. Time response. The melting and clearing time of a fuse depends on the 
magnitude of the overcurrent or fault current, and is usually specified 
by a "*time-current" curve. Figure 7.11 shows the time-current 
curve of a 15.:-i V, 100-A (continuous) current-limiting fuse. As 
shown, the fuse iink melts within 2 s and clears within 5 s for a 500- 
A current. For a 5-kA current, the fuse link melts in less than 0.01 s 
and clears within 0.015 s. 
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FIGURE 7.11 1000 [——u 


Txme-current curves for 600 
a 15.5-kV, [00-A 
current-limiting fuse 
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It is usually a sumple matter to coordinate fuses in a power circuit such that 
only the fuse closest to the fault opens the circuit. In a radial circuit, fuses 
with larger continuous current ratings are located closer to the source, such 
that the fuse closest to the fault clears before other, upstream fuses melt. 

Fuses are inexpensive, fast operating, easily coordinated, and reliable, 
and they do not require protective relays or instrument transformers. Their 
chief disadvantage 1s that the fuse or the fuse link must be manually replaced 
after it melts. They are basically one-shot devices that are, for example, inca- 
pable of high-speed reclosing. 
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SECTION 7.! 


In the circuit of Figure 7.1, V = 220 volts, L 2 3 mH, R — 0.5 Q, and œ = 2760 
rad/s. Determine (a) the rms symmetrical fault current; (b) the rms asymmetrical 
fault current at the instant the switch closes, assuming maximum dc offset; (c) the rms 
asymmetrical fault current 5 cycles after the switch closes, assuming maximum dc off- 
set; (d) the dc offset as a function of time 1f the switch closes when the instantaneous 
source voltage is 244 volts. 


Repeat Example 7.1 with V =4 kV, X 30, and R 210. 
In the circuit of Figure 7.1, let R — 0.125 Q, L — 10 mH, and the source voltage is 


e(t) = 151 sin(377t + a) V. Determine the current response after closing the switch for 
the following cases: (a) no dc offset; (b) maximum do offset. Sketch the current wave- 


- form up to t = 0.10 s corresponding to case (a) and (b). 


Consider the expression for i(t) given by 
j= 2L [sin(cot — 0.) + sin 6. eR 


where 8. = tan"! (oL/ R). l 

(a) For (X/R) equal to zero and infinity, plot r(7) as a function of (wt). 

(b) Comment on the DC offset of the fault current waveforms. 

(c) Find the asymmetrical current factor and the time of peak, £,, in milliseconds, for 
(X/R) ratios of zero and infinity. 


If the source impedance at a 13.2 kV distribution substation bus is (0.5 + /1.5) Q per 
phase, compute the RMS and maximum peak instantaneous value of the fault current, 
for a balanced three-phase fault. For the system (X/R) ratio of 3.0, the asymmetrical 
factor is 1.9495 and the time of peak is 7.1 ms (see Problem 7.4). Comment on the 
withstanding peak current capability to which all substation electrical equipment need 
to be designed. 


SECTION 7.2 


A 1500-MVA 20-kV, 60-Hz three-phase generator is connected through a 1500-MVA 
20-kV A/500-kV Y transformer to a 500-kV circuit breaker and a 500-kV transmission 
line. The generator reactances are X} = 0.17, X} = 0.30, and X4 = 1.5 per unit, and 
its time constants are T7 = 0.05, T} = 1.0, and T4 = 0.10 s. The transformer series 
reactance is 0.10 per unit; transformer losses and exciting current are neglected. A 
three-phase short-circuit occurs on the line side of the circuit breaker when the gener- 
ator is operated at rated terminal voltage and at no-load. The breaker interrupts the 
fault 3 cycles after fault inception. Determine (a) the subtransient current through 
the breaker in per-unit and in kA rms; and (b) the rms asymmetrical fault current the 
breaker interrupts, assuming maximum dc offset. Neglect the effect of the transformer 
on the time constants. l 


For Problem 7.6, determine (a) the instantaneous symmetrical fault current in kA in 
phase a of the generator as a function of time, assuming maximum dc offset occurs in 
this generator phase; and (b) the maximum dc offset current in kA, as a function of 
time that can occur in any one generator phase. 


A 300-MVA, 13.8-kV, three-phase, 60-Hz, Y-connected synchronous generator is ad- 
Justed to produce rated voltage on open circuit. A balanced three-phase fault is ap- 
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7.9 


7.12 


FIGURE 7.12 


Problems 7.12, 7.13, 
7.19, 7.24, 7.25, 7.26 


plied to the terminals at t = 0. After analyzing the raw data, the symmetrical transient 
current 1s obtained as 

jac(t) = 103(1 4- e^ 4+ 6e7 7) A 
where t; = 200 ms and t» — l5 ms. (a) Sketch iac(t} as a function of time for 
0 & t < 500 ms. (b) Determine X4” and X, in per-unit based on the machine ratings. 


Two identical synchronous machines, each rated 60 MVA, 15 kV, with a subtransient 
reactance of 0.1 pu, are connected through a line of reactance 0.1 pu on the base of 
the machine rating. One machine is acting as a synchronous generator, while the other 
is working as a motor drawing 40 MW at 0.8 pf leading with a terminal voltage of 
14.5 kV, when a symmetrical three-phase fault occurs at.the motor terminals. Deter- 
mine the subtransient currents 1n' the generator, the motor, and the fault by using the 
internal voltages of the machines. Choose a base of 60 MVA, 15 kV in the generator 
Circuit. 


SECTION 7.3 


Recalculate the subtranstent current through the breaker in Problem 7.6 if the genera- 
tor 1s initially delivering rated MVA at 0.80 p.f. lagging and at rated terminal voltage. 


Solve Example 7.4, parts (a) and (c) without using the superposition principle. First 
calculate the interna] machine voltages £; and E,, using the prefault Toad current. 
Then determine the subtransient fault, generator, and motor currents directly from 
Figure 7.4(a). Compare your answers with those of Example 7.3. 


Equipment ratings for the four-bus power system shown in Figure 7.12 are as follows: 
Generator G1: 500 MVA, 13.8 kV, X” = 0.20 per unit 
Generator G2: 750 MVA, 18 kV, X" = 0.18 per unit 
Generator G3: 1000 MVA, 20 kV, X" = 0.17 per unit 
Transformer Tl: 500 MVA, 13.8 A/500. Y kV, X = 0.12 per unit 
Transformer T2: 750 MVA, 18 A/500 Y kV, X = 0.10 per unit 
Transformer T3: 1000 MVA, 20 A/500 Y kV, X = 0.10 per unit 
Each 500-kV line: X1 = 50 


A three-phase short circuit occurs at bus 1, where the prefault voltage is 525 kV. 
Prefault load current is neglected. Draw the positive-sequence reactance diagram in 


"n © Q) © T3 & 





G2 


7.13 


7.14 


FIGURE 7.13 


Problems 7.14, 7.15, 7.20 


7.15 
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per-unit on a 1000-MVA, 20-kV base in the zone of generator G3. Determine (a) the 
Thévenin reactance in per-unit at the fault, (b) the subtransient fault current in per- 
unit and in kA rms, and (c) contributions to the fault current from generator Gl and 
from line 1-2. 

For the power system given in Problem 7.12, a three-phase short circuit occurs at bus 
2, where the prefault voltage is 525 kV. Prefault load current is neglected. Determine 
the (a) Thévenin equivalent at the fault, (b) subtransient fault current in per-unit and 
in kA rms, and (c) contributions to the fault from lines 1-2, 2-3, and 2-4. 


Equipment ratings for the five-bus power system shown in Figure 7.13 are as follows: 
Generator Gl: 50 MVA, 12 kV, X" = 0.2 per unit 
Generator G2: 100 MVA, 15 kV, X" = 02 per unit 
Transformer Tl: 50 MVA, 10 kV Y/138 kV Y, X = 0.10 per unit 
Transformer T2: 100 MVA, 15 kV A/138 kV Y, X = 0.10 per unit 
Each 138-kV line: X1 2 40 


A three-phase short circuit occurs at bus 5, where the prefault voltage is 15 kV. Pre- 
fault load current is neglected. (a) Draw the positive-sequence reactance diagram in 
per-unit on a 100-MVA, 15-kV base in tbe zone of generator G2. Determine: (b) the 
Thévenin equivalent at the fault, (c) the subtransient fault.current in per-unit and in 


kA rms, and (d) contributions to the fault from generator G2 and from transformer 


T2. 








a 
ID N 


è G2 5 T2 
A% 


For the power system given in Problem 7.14, a three-phase short circuit occurs at bus 
4, where the prefault voltage is 138 kV. Prefault load current is neglected. Determine 
(a) the Thévenin equivalent at the fault, (b) the subtransient fault current in per-unit 
and in kA rms, and (c) contributions to the fault from transformer T2 and from line 
3-4. 
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7.16 


FIGURE 7.14 
Problem 7.16 


7.17 


FIGURE 7.15 
Problem 7.17 


7.18 


7.19 


7.20 


7.21 


In the system shown in Figure 7.14, a three-phase short circuit occurs at point F. 
Assume that prefault currents are zero and that the generators are operating at rated 
voltage. Determune the fault current. 


11 kV 
20 MVA 15% 


11 kV 
10 MVA 10% 





A three-phase short circuit occurs at the generator bus (bus 1) for the system shown in 
Figure 7.15. Neglecting prefault currents and assuming that the generator 1s operating 
at its rated voltage, determine the subtransient fault current using superposition. 


bus 1 bus 2 
iad Orv muy. bound 
25 MVA 25 MVA 25 MVA 15 MVA 
13:8 kV 13.2/69 kV 69/1372 kV 13 kV 
1596 1196 1195 15%. 


SECTION 7.4 


The bus impedance matrix for a three-bus power system is 


0.12 0.08 0.04 
Zoos = J | 0.08 0.12 0.06] per unit 
0.04 0.06 0.08 


where subtransient reactances were used to compute Zy,,. Prefault voltage is 1.0 per 
unit and prefault current is neglected. (a) Draw the bus impedance matrix equivalent 
circuit (rake equivalent) Identify the per-unit self- and mutual impedances as well 
as the prefault voltage in the circuit. (b) A three-phase short circuit occurs at bus 2. 
Determine the subtransient fault current and the voltages at buses 1, 2, and 3 during 
the fault. 


Determine Y yy, in per-unit for. the circuit in Problem 7.12. Then invert Ypys to obtain 
2 n: 
Determine Y, imn per-unit for the circuit m Problem 7.14. Then invert Yous to obtain 
Zi: 


Figure 7.16 shows a system reactance diagram. (a) Draw the admittance diagram for ` 
the system by using source transformations. (b) Find the bus admittance matrix Ypus- 
(c) Find the bus impedance Zy,, matrix by inverting Ypus- 


FIGURE 7.16 
Problem 7.21 


7.22 


FIGURE 7.17 
Problem 7.22 


7.23 
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For the network shown in Figure 7.17, impedances labeled 1 through 6 are in per-unit. 
(a) Determine Yy,,. Preserve all buses. (b) Using MATLAB or à similar computer 
program, invert Y y to obtain Zpys. 





Reference 


A single-line diagram of a four-bus system is shown in Figure 7.18, for which Zgus 1s 
given below: 


025 02 016 0.14 
|02 023 O15 0.151 
7lo16 015 0196 01 

0.14 0.1581 01 0.195 


ZBus = per unit 


Let a three-phase fault occur at bus 2 of the network. 

(a) Calculate the initial symmetrical RMS current in the fault. 

(b) Determine the voltages during the fault at buses 1, 3, and 4. 

(c) Compute the fault currents contributed to bus 2 by the adjacent unfaulted buses 1, 
3, and 4. 

(d) Find the current flow in the line from bus 3 to bus 1. Assume the prefault voltage 
V; at bus 2 to be 1/0? pu, and neglect all prefault currents. 
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FIGURE 7.18 


Single-line diagram for 
Problem 7.21 . 


7.24 


~ [Pw] 735 
7.26 


7.27 


7.28 


7.29 


7.30 


BUS 2 


BUS 3 BUS 4 





jo.1 


jo.2 j0.2 


(ground is the reference node) 


PowerWorld Simulator case Problem 7.24 models the system shown in Figure 7.12 
with all data on a 1000-MVA base. Using PowerWorld Simulator, determine the cur- 
rent supplied by each generator and the per-unit bus voltage magnitudes at each bus 
for a fault at bus 2. M j,* qi NE 


= = — 





Repeat Problem 7.24, except place the fault at bus 6. 


Repeat Problem 7.24, except place the fault midway between buses 2 and 3. Deter- 
mining the values for line faults requires that the line be split, with a fictitious bus 
added at the point of the fault. The original line's impedance is then allocated to the 
two new lines based on the fault location, 50% each for this problem. Fault calcu- 
lations are then the same as for a bus fault. This is done automatically in PowerWorld 
Simulator by first right-clicking on a line, and then selecting "Fault..". The Fault 
dialog appears as before, except now the fault type is changed to “In-Line Fault." Sét 
the location percentage field to 50% to model a fault midway between buses 2 and 3. 


One technique for limiting fault current is to place reactance in series with the gen- 
erators. Such reactance can be modeled in Simulator by increasing the value of the 
generator's positive sequence internal impedance. For the Problem 7.24 case, how 
much per-unit reactance must be added to G3 to limit its maximum fault current to 
3.0 per unit? Where is the location of the most severe bus fault? 


Using PowerWorld Simulator case Example 6.13, determine the per-unit current and 
actual current in amps supplied by each of the generators for a fault at the PETE69 
bus. During the fault, what percentage of the system buses have voltage magnitudes 
below 0.75 per unit? 


Repeat Problem 7.28, except place the fault at the TIM69 bus, 
Redo Example 7.5, except first open the generator at bus 3. 


SECTION 7.5 


A three-phase circuit breaker has a 15.5-kV rated maximum voltage, 9.0-kA rated 
short-circuit current, and a 2.67-rated voltage range factor. (a) Determine.the sym- 
metrical interrupting capability at 10-kV and 5-kV operating voltages. (b) Can this 
breaker be safely installed at a three-phase bus where the symmetrical fault current is 
10 kA, the operating voltage is 13.8 kV, and the (X/R) ratio is 12? 


7.32 


7.33 


7.34 


FIGURE 7.19 
Problem 7.34 
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A 500-kV three-phase transmission line has a 2.2-kA continuous current rating and 
a 2.5-kA maximum short-time overload rating, with a 525-kV maximum operating 
voltage. Maximum symmetrical fault current on the line 1s 30 kA. Select a circuit 
breaker for this line from Table 7.10. 


A 69-kV circuit breaker has a voltage range factor K = 1.21, a continuous current 
rating of 1200 A, and a rated short-circuit current of 19,000 A at the maximum rated 
voltage of 72.5 kV. Determine the maximum symmetrical] interrupting capability of 
the breaker. Also, explain its significance at lower operating voltages. 


As shown in Figure 7.18, a 25-MVA, 13.8-kV, 60-Hz synchronous generator with 
X4" = 0.15 per unit is connected through a transformer to a bus that supplies four 
identical motors. The rating of the three-phase transformer is 25 MVA, 13.8/6.9 kV, 
with a leakage reactance of 0.1 per unit. Each motor has a subtransient reactance 
X4" = 0.2 per unit dn a base of 5 MVA and 6.9 kV. A three-phase fault occurs at 
point P, when the bus voltage at the motors 1s 6.9 kV. Determine: (a) the subtransient 
fault current, (b) the subtransient current through breaker À, (c) the symmetrical 
short-circuit interrupting current (as defined for circuit breaker applications) in the 
fault and in breaker A. 


Gen. 
Á UB 
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A, 


B. 


Why are arcing (high-impedance) faults more difficult to detect than low-impedance 
faults? 


What methods are available to prevent the destructive effects of arcing faults from 
Occurring? 


DESIGN PROJECT 4 (CONTINUED): 
POWER FLOW/SHORT CIRCUITS 


Additional time given: 3 weeks 
Additional time required: 10 hours 


This 1s a continuation of Design Project 4. Assignments 1 and 2 are given in 
Chapter 6. 
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Assignment 3: Symmetrical Short Circuits 


For the single-line diagram that you have been assigned (Figure 6.13 or 6.14), 
convert the positive-sequence reactance data to per-unit using the given base 
quantities. For synchronous machines, use subtransient reactance. Then using 
PowerWorld Simulator, create the machine, transmission line, and trans- 
former input data files. Next, run the program to compute subtransient fault 
currents for a bolted three-phase-to-ground fault at bus 1, then at bus 2, 
then at bus 3, and so on. Also compute bus voltages during the faults and the 
positive-sequence bus impedance matrix. Assume 1.0 per-unit prefault volt- 
age. Neglect. prefault load currents and all losses. 

Your output for this assignment consists of three input data files and 
three output data (fault currents, bus voltages, and the bus impedance ma- 
trix) files. : 

This project continues in Chapter 9. 
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completed windings for a 
757-MVA, 3600-RP M. 
60-Hz synchronous 
generator ( Courtesy of 
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SYMMETRICAL COMPONENTS 


The method of symmetrical components, first developed by C. L. Fortescue 
in 1918, is a powerful technique for analyzing unbalanced three-phase sys- 
tems. Fortescue defined a linear transformation from phase components to a 
new set of components called symmetrical components. The advantage of this 
transformation 1s that for balanced three-phase networks the equivalent cir- 
cuits obtained for the symmetrical components, called sequence networks, are 
separated into three uncoupled networks. Furthermore, for unbalanced three- 
phase systems, the three sequence networks are connected only at points of 
unbalance. As a result, sequence networks for many cases of unbalanced 
three-phase systems are relatively easy to analyze. 

The symmetrical component method 1s basically a modeling technique 
that permits systematic analysis and design of three-phase systems. Decou- 
pling a detailed three-phase network into three simpler sequence networks 
reveals complicated phenomena in more simplistic terms. Sequence network 
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results can then be superposed to obtain three-phase network results, As an 
example, the application of symmetrical components to insymmetneal short- 
circuit studies (see Chapter 9) is indispensable. 

The objective of this chapter is to introduce the concept of symmetrical 
components in order to lay a foundation and provide a framework for later 
chapters covering both equipment models as well às power system analysis 
and design methods. In Section 8.1, we define symmetrical components. In 
Sections 8.2-8.7, we present sequence networks of loads, series impedances, 
transmission lines, rotating machines, and transformers. We discuss complex 
power in sequence networks in Section 8.8. Although Fortescue's original 
work is valid for polyphase systems with n phases, we will consider only 
three-phase systems here. 


CASE STUDY 


The following article provides an overview of three energy storage technologies: (1) 


battery energy storage; (2) compressed air energy storage; and (3) flywheel energy 
storage. Energy storage can reduce the requirements for excess generation capacity by 
supplying power during peak load periods, a technique called load leveling. Energy storage 
can also reduce the requirements for online generator reserves (spinning reserves) by. 





"supplying power for short durations during generation capacity deficiencies until offline 


—: — 


generators can be started and brought online [4]. 


Electrical Energy Storage— Challenges 
and New Market Opportunities 


Flectrical energy storage has been fundamental to 
the design of uninterruptible power supply (UPS) 
systems and various off-grid power supplies for 
many years. However, it is the new challenges posed 
by the ascendancy of distributed generation and 
renewables, the associated issues of intermittency, 
combined with the ever increasing pressures to 
maintain customer supply standards whilst optimis- 
ing the utilisation of distribution assets that is now 
bringing storage far more centre-stage for power 
network applications. VVhilst the UK has led the way 
with large-scale pumped hydro storage, the current 
emphasis is very much on smaller-scale packaged 
systems, which may be far more easily deployed 
throughout the power systems network. Much of 


("Electrical Energy Storage—Challenges and New Market 
Opportunities" by John Baker, First published in Energy World 
magazine, Nov-Dec 2004, published by the UK Energy 
Institute, www.energyinst org.uk.) 


the activities in this latter area currently reside 
overseas, particularly in North America and Japan. 
However, there are important lessons to be learnt 
and still significant opportunities for their develop- 
ment, integration and deployment in the UK. 
Storage systems span a considerable spectrum of 
technologies, ranging from short-term/high power 


technologies, such as superconducting magnetic en- 


ergy storage (SMES), through to bulk energy storage 
technologies, which can include various flow cell, 
compressed air and pumped-hydro storage options. 

The selection of the most appropriate technol- 
ogy for any given application is a function of the 
application's charge and discharge ratings, the actual- 
energy storage required (eg. over seconds, minutes, 
hours or longer) and its daily operating cycle. 
Various other considerations also apply, including 
system acquisition and life costs, footprint, environ- 
mental tolerance, and overall developmental matu- 


rity. 


BATTERY ENERGY STORAGE 


Battery energy storage systems (BESS) represent 
perhaps the most well known form of electrical 
energy storage, albeit via their storage of chemical 
energy in the battery reagents and their reversible 
electrochemical conversion to and from electrical 
energy. 

Lead-acid systems have been established as both 
larger and smaller-scale packaged systems. The core 
electrochemistry continues to evolve, particularly in 
terms of its development for partial-state-of-charge 
operation, a requirement that is common both 
to various renewables applications and also hybrid 
electric vehicles. . 

Some of the better known lead acid battery 
storage implementations include: 


e the 8.5 MW (power)/85 MWh (energy) 
BEWAG plant in Berlin, constructed in 1986 
when West Berlin was effectively an 'electrical 
island' in East Germany. The system provided a 
crucial spinning reserve and frequency control 
functionality; and 

the 3 MW/4.5 MWh Vernon plant at GNB's 
battery smelting facility in California. The sys- 
tem services a crucial security-of-supply re- 
quirement, to safeguard the smelter's environ- 
.mental control systems in the event of loss of 
the utility supply, whilst also being used for 
peak shaving operations. 


Alternatives to lead-acid include the nickel- 
cadmium and sodium-sulphur electrochemistries. 
The former offers significant advantages over lead- 
acid in terms of its chronological and cycle life ex- 
pectancies, its short-term power rating and its low 
maintenance requirements. Although power utility 
applications to date have been limited, the tech- 
nology has achieved significant prominence via its 
implementation by the Golden Valley Electric As- 


sociation in Fairbanks, Alaska, as the ‘world’s largest . 


battery’ (pictured). — 

The system fulfils a critical spinning reserve 
application in what is essentially an electrical island 
and provides the Golden Valley utility with sufficient 
time to start up reserve generators, in the event 
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of individual units dropping off line. The system itself 


. comprises four battery strings, each of 3,440 cells, 


with a string voltage of 5,200 V. It is rated at 27 MW 
for I5 minutes, or 40 MW for 7 minutes, up to a 
maximum transient limitation of 46 MVA, imposed 
by the power converter. The nickel-cadmium elec- 
trochemistry was chosen in view of Golden Valley's 
requirement for a 20 year life, with the system ex- 
pected to perform 100 complete and 500 partial 
discharges during this period. The system was jointly 
implemented on a turnkey basis by ABB and SAFT, 
at a total project cost of $35 million. 

The high temperature sodium-sulphur (NaS) sys- 
tem represents the third principal electrochemistry 
currently implemented in power systems networks, 
via the partnership agreement between NGK and 
the Tokyo Electric Power Company (TEPCO). Al- 
though the original developmental drivers for the 
battery system emanated from electric vehicle ap- 
plications (including the Silent Power programme in 
the UK), it is uniquely through NGK’s programme 
in Japan that the technology has been developed for 
the stationary applications sector. 

The NGK system is offered on a modular basis 
in two basic variants. The PS module is rated at 
50 kW/60 or 430 kWh capacity, and with the PQ 
module similarly rated at 40 kVV/360 kWh, but with 
a short term ‘pulse power’ rating of up to five times 
its rated power. The system’s principal advantages 
relative to lead-acid include its higher energy den- 
sity, extended cycle and chronological lives, low 
O&M costs, short-term high power capability and 
insensitivity to external ambient temperature. 





The ‘world’s most largest battery’: Golden Valley, Alaska, 
Ni-Cd battery energy storage system. (Patrick Endres/ 
Alaska&PhotoGraphics.com) 
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NGK announced its partnership agreement with 
TEPCO in October 2001, which has resulted in the 
latter implementing the system in its own power 
network, whilst also initiating direct sales to third 
party customers. In return, NGK has committed to 
build up production capacity to 65 MW per year, 
with the potential to increase this to 200 MVV/year, 
in line with market demand. To date, in excess of 80 
projects have been implemented, with some 500 
MVWVh of storage capacity. 

The largest installation to date. representing the 
world's highest capacity battery storage project, is 
the 8 MW/57.6 MWh system at a Hitachi plant 
in Japan. This installation is principally used for load 
levelling purposes, on a daily operational cycle. 


REDOX FLOW CELLS 


Redox flow cells are analogous to batteries in many 


respects, but with their chemical energy stored in _ 





electrolyte solutions, external to the flow cells: (or 
modules) themselves, as shown in Figure |. The 
electrolyte solutions are circulated through the flow 
cells, with electrochemical conversion taking place 
across an ion exchange membrane which separates 
the two electrolytes. 

Power and energy then become independent 
variables, with system power rating being deter- 
mined by the number of flow cells and their surface 
area, and energy capacity by the volume of the 
electrolyte solutions. Systems can therefore be 
designed to suit the requirements of particular ap- 
plications, with the potential for the provision of 
medium to longer-term storage capacity via the in- 


Gare Rite a: 


Grid converter 





Figure | 
A redox flow cell energy storage system 
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stallation of an increased quantity and/or capacity of 
electrolyte storage tanks. 

Developmental and demonstration activities have 
centred around three principal electrochemistries 
to date, namely the polysulphide/bromide system, 
vanadium and zinc bromine. 

The polysulphide/bromide system, better known 
as :Regenesys' has previously been developed over 
the past twelve years by RWE Innogy and its pre- 
decessor companies (Innogy and National Power). 
The system has been marketed as a grid-connected 
utility scale storage system, for power ratings in 
excess of 5 MWe. Notwithstanding the significant 
scale-up of and commitment to Regenesys related 
activities, RWE Innogy announced in December 
2003 that it would no longer be funding the tech- 
nology's development and subsequent commercial- 
isation. It has since announced (September 2004) 
the sale of an exclusive licence on the intellectual 


^property and rélated physical assets to VRB-Power — 


Systems, for the sum of $1.3 million. 

The vanadium redox battery (VRB) employs the 
V2/V3 and V4/V5 redox couples in sulphuric acid as 
the negative and positive electrolytes respectively. 
Vanadium redox batteries are potentially suitable 
for a wide range of energy storage applications, in- 
cluding power quality, uninterruptible power sup- 
plies, peak shaving, increased security of supply and 
mtegration with renewable energy systems. 

The two principal developers and suppliers of 
vanadium redox systems are currently VRB Power 
Systems Inc and Sumitomo, with extensive cross 
linkages between the two. Further developmental 
programmes also being pursued by parties such 
as RE-fuel Technology, Magnam Technologies and 
the Cellennium Company. Systems installed to date 
by VRB Power and Sumitomo are summarised in 
Table |. 

The zinc-bromine battery was first developed 
by Exxon in the early [970s and comprises a zinc 
cathode and a bromine anode separated by a mi- 
croporous separator. Zinc-bromine batteries are 
suitable for a range of applications with discharge 
times ranging from seconds up to several hours. The 
primary focus of development and demonstration 
projects to date has been for grid connected utility 


-— 
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TABLE i Energy storage systems supplied by VRB Power and Sumitomo 


Customer Basic specification Application Start date 
Eskom 250 kW x 2 hours Demonstration unit at Univ. of Stellenbosch Sep 2001 
Pacificorp 250 kW x 8 hours Peak power capacity and end of line voltage support Mar 2004 
Hydro Tasmania 200 kW x 4 hours Three way hybrid with wind turbines and diesel generator Nov 2003 
Institute of Applied Energy AC 170 kW x 6 hours Stabilisation of wind turbine output Mar 2001 
Tottori Sanyo Electric AC 3 MW x 1.5 seconds UPS Apr 2001 
AC 1.5 MW x I hour Peak shaving 
Obayashi Corporation DC 30 kW x 8 hours Hybrid with PV cells Apr 200Í 
Kwansei Gakuin Univ. AC 500 kW x 10 hours Peak shaving Nov 200] 
Centro Elettrotecnico AC 42 kW x 2 hours Peak shaving Nov 200] 


Sperimentale Italiano 


TABLE 2 Zinc-bromine energy storage systems supplied by ZBB Energy 


Customer Basic specification Application Installation date 
Detroit Edison 400 kWh Peak shaving and voltage imbalance June 2001 

United Energy, Melbourne 200 kWh Demonstration unit for network storage November 2001 
Australian Inland Energy 500 kWh Hybrid with phocovoltaic cells June 2002 
PowerLight Corporation 2 x 50 kWh Hybrid with photovoltaic cells November 2003 
Pacific Gas and Electric Company 2 MWh Peak power capacity (substation upgrade deferral) 2005 


applications for load levelling and renewable energy 
system optimisation. 

At the present time, the only company that is 
actively developing and supplying zinc-bromine bat- 
teries is ZBB Energy Corporation (ZBB). The com- 
pany was established in 1982 and over the past 20 
years has developed or acquired the intellectual 
property for the zinc-bromine battery. Its technol- 
ogy is now in the first stages of commercialisation, 
via the company’s F2500 baseline turnkey product, a 
fully containerised 500 kWh (250 kW x 2 hours) 
grid-interactive storage system, In addition, it can 
supply individual 50 kWh modules for renewable 
energy applications. Key demonstration units in- 
stalled by ZBB in recent years are summarised in 
Table 2. 


LONGER-TERM STORAGE—COMPRESSED 
AIR 


Compressed air energy storage (CAES) comple- 
ments pumped hydro as a larger-scale (100 MW 
class), medium/longer-term (hours). storage option. 





Input power, storage capacity and output power are 
independent variables, which provides for a great 
degree of design flexibility. A diagrammatic repre- 
sentation of a CAES plant is shown in Figure 2. 
Only two CAES plant have been constructed and 
commissioned to date, namely the 290 MW Hunt- 
dorf plant in Germany (1978) and the 110 MW 
Mcintosh plant in Alabama (1991). Operating expe- 


rience on both plant is extremely favourable, with 
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Figure 2 
Compressed air energy storage system 
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the former having completed some 7,000 starts to lowing the decision by its Urenco parent, in May 
date, with 90% availability and 99% start reliability. 2004, to cease funding the development of the 
Such large scale implementations rely on the technology. 
availability of favourable geological conditions for 
their underground storage reservoirs. More re- 
cently, attention has focussed on the possibility of 
small scale CAES, utilising fabricated pressure vessel/ The power utilities sector is presently in a time of 
piping storage and able to provide some 3 to 5 unprecedented change, with a shift away from large 


MARKET APPLICATIONS 


hours storage capacity, at ratings of 5 to 10 MW. central generating resource in favour of smaller- 
Such small scale CAES systems are of particular in- scale, distributed resources. The implications of such 
terest in the US, in the context of buffering wind a shift on power distribution networks are poten- 
resources in several states. tially massive, for the UK akin to ‘rewiring Britain.’ 


The electricity regulator, OFGEM, is therefore keen 
to promote innovative design solutions vía such ini- 
tiatives as the IFI (Innovation Funding Incentive) and 
Flywheel storage, more correctly referred to as ki- RPZs (Registered Power Zones), which provide an 
netic energy storage, provides a high power rating opportunity to introduce such new technologies as 
storage medium, typically sized to discharge over storage. ; 


SHORTER-TERM STORAGE— FLYWHEELS 


some 10 to 100 seconds. Conventional steel rotor The overall financial viability of any storage sys- 
—systems-have been-im place for many-years and-aré ~ tem is à function of its ability to extract value (rev- 
often installed in combination with stand-by diesel ^ enue) from one or more value/revenue streams. A 
generators, to provide extremely secure power multi-faceted storage system will be able to extract 
supplies to such applications as primary broadcast- value from multiple revenue streams and thereby 
ing stations, financial processing centres and air enhance its overall financial viability. Value and 
traffic control hubs. The leading commercial suppli- revenue flows. may be extracted from such func- 
ers include Piller, Active Power and Satcon. tionalities as arbitrage and load levelling (‘traditional’ 
Much of the current research and developmental storage applications), spinning reserve, frequency 
effort in relation to kinetic energy storage is di- regulation, network stability, voltage support, re- 
rected towards high speed machines, running attens newables integration, quality of supply, power qual- 
of thousands of RPM and utilising state-of-the ity and asset deferral. Such value/revenue flows are 
art composite materials technology. The high direc- ^ usually expressed in terms of £ per kW per annum; 
tional strength properties of. such composites, in Table 3 summarises some illustrative values, 
combination with their relatively low densities al- A summation of the total revenue flows may 
lows the designer considerable freedom in optimis- then be used to calculate a break-even capital cost 


ing the overall flywheel configuration and hence 
its specific energy and specific power. Units have 


already been supplied on a commercial basis by TABLE 3 Illustrative value/revenue flows 


Urenco Power Technologies (UPT) and with fur- Application Annualised benefit 
ther systems being developed by AFS-Trinity, Bea- (£ per kW per year) 
con Power, Piller and others. 
UPT. i sl irum d : Arbitrage 25—60 
. in particular, has imp emenite various sys- Load eU 150-200 
tems providing railway trackside voltage support Spinning reserve 50—120 
and has also demonstrated the application of a de- Frequency regulation 50-130 
vice providing a short-term power smoothing capa- Voltage support 20-50 
bility in relation to wind turbine output. However, Renewables integration tind 
Power quality 50-500 


the company’s future is now far from certain, fol- 





SECTION 8.1 


for the storage system, based on its capital and 
O&M costs, and an assumed amortisation period 
and capital charge (discount rate). Provided the sys- 
tem is able to come in at under this break-even cost 
level, it is likely to be worthy of a more detailed 
feasibility study. 

This article has demonstrated the consider- 
able number of developments in hand in relation to 
energy storage technologies. The various systems 
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available are able to span a full range of applications, 
from high power/short duration requirements to 
longer-term multiple-hour systems. The comple- 
mentary developments in the wider power utilities 
sector present a whole range of new issues and 
challenges, including very specific opportunities for 
storage. The immediate challenge for storage sys- 
tems is to demonstrate their technical and com- 
mercial viability, in early demonstration schemes. 


DEFINITION OF SYMMETRICAL COMPONENTS 


Assume that a set of three-phase voltages designated V,, Vp, and V is given. 
In accordance with Fortescue, these phase voltages are resolved into the fol- 
lowing three sets of sequence components: 


1. Zero-sequence components, consisting of three phasors with equal 
magnitudes and with-zero phase displacement, as shown in Figure 


8.1(a) 


2. Positive-sequence components, consisting of three phasors with equal 
magnitudes, 3-120? phase displacement, and positive sequence, as in 


Figure 8.1 (b) 


3. Negative-sequence components, consisting of three phasors with 
equal magnitudes, +120° phase displacement, and negative sequence, 


as in Figure 8.1(c) 


FIGURE 8.1 vy vy Vo = V 


ff 7 


Resolving phase voltages 
into three sets of 
sequence components 


(a) Zero-sequence 
components 


Phase a 





(b) Positive-sequence 
components 


(c) Negative-sequence 
components 


Vbo V V 
V, c) 
V2 Veo 


Phase b 


400 CHAPTER 8 SYMMETRICAL COMPONENTS 


In this text we wül work only with the zero-, positive-, and negative- 
sequence components of phase u, which are Ka, Vay, and V». respectively. 
For simplicity, we drop the subscript a and denote these sequence compo- 
nents as Vo, Vi, and V3. They are defined by the following transformation: 


V, Ld | Vo 
Ve) =l|1 a^ a Vi j (8.1.1) 
V. ] zd ou y 
where 
-] 3 | | 
pine (8.1.2) 
Writing (8.1.1) as three separate equations: 
Lebda (8.1.3) 
V, = Vo + a^ Vj 4 aV» (8.1.4) 
VW. = Vg ui pa r (8.1.5) 





In (812) aisa complex number with unit magnitude-and-a-120°-phase— — 
angle. When any phasor is multiplied by a, that phasor rotates by 120° (coun- 
terclockwise). Similarly. when any phasor is multiplied by «a^ = (1/120°) - 
(1/120?) = 1/240*, the phasor rotates by 240°. Table 8.1 lists some common 
identities involving a. 

The complex number « is similar to the well-known complex number 
j = V—1 = 1/90°. Thus the only difference between j and a is that the angle 
of j is 90°, and that of a is 120°. 

Equation (8.1.1) can be rewritten more compactly using matrix nota- 
tion. We define the following vectors V, and V,, and matrix A: 


V 
TABLE 8.1 pep (8.1.6) 
Common identities V. 
involving a = 1/ 120° 
pte ly 20, ro 
( = uU = = 
a? = 1/ 240° E (8.1.7) 
w= 1/ 0° V5 
l+a+a*=0 
l-a= y3/ -30° I J | 
| — a? = V3/ +30° | A=] æ a (8.1.8) 
a? — a = V3/210° la @ f 
ja = 1/210. 
E S du is . V, is the column vector of phase voltages, V; is the column vector of sequence 
ime e Ui voltages, and A is a 3 x 3 transformation matrix. Using these definitions, 


aera coca ac (8.1.1) becomes 
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V, = AV, (8.1.9) 


The inverse of the A matrix Is 


TE 1 1 
A a a? (8.1.10) 
| | dw a 


Equation (8.1.10) can be verified by showing that the product AA is the 
unit matrix. Also, premultiplying (8.1.9) by A7' gives 


EA (8.1.11) 
Using (8.1.6); (8.1.7), and (8.1.10), then (8.1.11) becomes 


Vo |] I 4 V, 
i-i a ally (8.1.12) 
V | & a V. 


Vo — (Vic VPE) - (8.1.13) 
Vy =1(V,+aV,+a°¥,) (8.1.14) 
V; = H Va a^ Vp + aV) (8.1.15) 


Equation (8.1.13) shows that there is no zero-sequence voltage in a balanced 
three-phase system because the sum of three balanced phasors is zero. 
In an unbalanced three-phase system, line-to-neutral voltages may have a 
zero-sequence component. However, line-to-line voltages never have a zero- 
sequence component, since by KVL their sum is always zero. 

The symmetrical component transformation can also be applied to cur- 
rents, as follows. Let 


I, = AI, (8.1.16) 
where J, 1s a vector of phase currents, 
TL l 
I, — | fp | (8.1.17) 
le 


and J, is a vector of sequence currents, 


Io 
143 (8.1.18) 
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EXAMPLE 8.1 


. Comparing (8.1.26) and (8.1.23) 


LA (8.1.19) 


Equauons (8.1.16) and (8.1.19) can be written as separate equations as fol- 
lows. The phase currents are 


lh -lytfhctb (8.1.20) 

/j 2 Ig a^ lh tah (8.1.21) 

L E Io tah, +h (8.1.22) 
and the sequence currents are 

Iy = AL, fg + L) (8.1.23) 

h =} als + aL) (8.1.24) 

bete kdy — (8.1.25) 


In a three-phase Y-connected system, the neutral current 7, is the sum of the 
line currents: 


L,=Ig +h +l. (8.1.26) 


LEMMA MM MM ——— 


Í; = 314 (8.1 27) 


The neutral current equals three times the zero-sequence current. In a bal- 
anced Y-connectéd system, line currents have no zero-sequence component, 
since the neutral current 1s zero. Also, in any three-phase system with no neu- 
tral path, such as a A-connected system or a three-wire Y-connected system 
with an ungrounded neutral, line currents have no zero-sequence component. 

The following three examples further illustrate symmetrical compo- 
nents. | 


Sequence components: balanced line-to-neutral voltages 


Calculate the sequence components of the following balanced line-to-neutral 
voltages with abc sequence; 


Von 277/0° 
Vo = | Von | = | 277/—120° volts 


Va 271/+120° 


SOLUTION Using (8.1.13)-(8.1.15): | 
Vo = 177/0* + 277/—120* + 277/+120°] = 0 
Vy = 3[277/0° + 277/(—120° + 120°) + 277/(120° + 240°)] 


= 277/0° volts = V 
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V; = 4277/0? + 277/(—120° + 240°) + 277/(120° + 120°)| 
= 1277/0? + 277/120° + 277/240°] = 0 


This example illustrates the fact that balanced three-phase systems 
with abc sequence (or positive sequence) have no zero-sequence or negative- 
sequence components. For this example, the positive-sequence voltage V4 
equals Vin, and the zero-sequence and negative-sequence voltages are both 
Zero. E 


EXAMPLE 8.2 Sequence components: balanced acb currents 


A Y-connected load has balanced currents with acb sequence given by 


i 10/0° 
I= || =| 10/+120°} A 
a 10/—120° 


Calculate the sequence currents. 
SOLUTION Using (8.1.23)-—(8.1.25): 
fy = 1[10/0? + 10/120° + 10/—120°] = 0 
Ty = 3110/0? + 10/(120° + 120°) + 10/(—120? + 240°)] 
= 3[10/0° + 10/240° + 10/120*] = 0 
I, = 3{10/0° + 10/(120° + 240°) + 10/(—120° + 120°)] 
=10/0° A — I, 


This example illustrates the fact that balanced three-phase systems with acb 
sequence (or negative sequence) have no zero-sequence or positive-sequence 
components. For this example the negative-sequence current J+ equals 7,, and 
the zero-sequence and positive-sequence currents are both zero. B 


EXAMPLE 8.3 Sequence components: unbalanced currents 


A three-phase line feeding a balanced-Y load has one of its phases (phase b) 
open. The load neutral is grounded, and the unbalanced hine currents are 


I, 10/0* 
1-2|n|-|0 A 
ie 10/120° 


Calculate the sequence currents and the neutral current. 
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FIGURE 8.2 —- |, = 10/0° 
a 






Circuit for Example 8.3 
—- |, = 10/120° 





SOLUTION The circuit is shown in Figure 8.2. Using (8.1.23)-(8.1.25): 
Io = 3{10/0° + 0 + 10/120? ] 
= 3.333/60° A . 
I = 410/0 + 0-+ 10/(120° + 240") = 6660/0 A 
I = Y{10/0° + 0 + 10/ (120° + 120°)} 
= 3.333/-60° A 
Using (8.1.26) the neutral current is 
I, = (10/0° + 0 + 10/120°) 
= 10/60° A = 310 


This example illustrates the fact that unbalanced three-phase systems may 
have nonzero values for all sequence components. Also, the neutral current 
equals three times the zero-sequence current, as given by (8.1.27). E 


8.2 
SEQUENCE NETWORKS OF IMPEDANCE LOADS 


Figure 8.3 shows a balanced-Y impedance load. The impedance of each 
phase is designated Zy, and a neutral impedance Z, is connected between the 
load neutral and ground. Note from Figure 8.3 that the line-to-ground volt- 
age Vag 1S 


Vay = Zy lu a Zidna 
= Zyłlľą + Z sel, + lp + T5 
= (Zy F Zna + Znalo + nde | (8.2.1) 
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FIGURE 8.3 a 


Balanced-Y impedance C 
load €t 
Zy Ly 


Ly Zp 


Similar equations can be written for Vj, and Koy: 


Vog = Znla + (Zy + Zu)lp + Zl. (8.2.2) 

Veg = Lyla + Luly + (Zy + Ze . (8.2.3) 
Equations (8.2.1)-(8.2.3) can be rewritten in matrix format: 
Vag (Zv + Zn) Ly Ly I, 

| Fog | = Zn (Zy +Z) | Z. | |b (8.2.4) 
Veg Zn Ly (Zy -+ Zn) l 


Equation (8.2.4) is written more compactly as 
V, = Zyl, (8.2.5) 


where FV, is the vector of line-to-ground voltages (or phase voltages), ZI, is the 
vector of line currents (or phase currents), and Z, is the 3 x 3 phase imped- 
ance matrix shown in (8.2.4). Equations (8.1.9) and (8.1.16) can now be used 
in (8.2.5) to determine the relationship between the sequence voltages and 
currents, as follows: 


AV, = Z,A — (8.2.6) 
Premultiplying both sides of (8.2.6) of 4^! gives 

V, = (A Z,AM, (8.2.7) 
Or | 

V = ZA, (8.2.8) 
where 

Z, = A' Z,A (8.2.9) 


The impedance matnx Z, defined by (8.2.9) is called the sequence 
impedance matrix. Using the definition of A, its inverse A~', and Z, given 
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by (8.1.8), (8.1.10), and (8.2.4), the sequence impedance matnx Z, for the 
balanced-Y load 1s 


ns Ld dee TAA Z 
Z- RE a ZA (Zy + Zn) Zi 
j| a? a Zi Zii (Zy F Zn) 
] tf i1 
x HE a a (8.2.10) 
l a a 


Performing the indicated matrix multiplications in (8.2.10), and using the 
identity (1 + a + a°) = 0, 
| 1 ||(Zy+3Z) Zy Zy 
Z;=-|1 a a? (Zv T 3A) a^Zy ALY 
l| 4^ a l (Zy + 32) ALN a^Z«y 


(Zy+3Z,) 0 O 
9—— —BZy—9- ————————————— — (82-kP- — 
0 0 Zw 





As shown in (8.2.11), the sequence impedance matrix Z, for the balanced-Y 
load of Figure 8.3 is a diagonal matrix. Since Z, is diagonal, (8.2.8) can be 
written as three uncoupled equations. Using (8.1.7), (8.1.18), and (8.2.11) in 


(8.2.8), 
Vo (Zy + 3Z4) 0 0 Ig 
Ves 0 ze Tb (8.2.12) 
y 0 f 0 ZY h 


Rewriting (8.2.12) as three separate equations, 


Vo = (Zy + 3Z,)Io = Zolo (8.2.13) 
VEU. (8.2.14) 
Vy = Zyh = Zh (8.2.15) 


As shown in (8.2.13), the zero-sequence voltage Vo depends only on the 
zero-sequence current Jo and the impedance (Zy + 3Z,). This impedance is 
called the zero-sequence impedance and is designated Zo. Also, the positive- 
sequence voltage Y, depends only on the positive-sequence current /; and an 
impedance Z; = Zy called the positive-sequence impedance. Similarly, V5 de- 
pends only on J and the negative-sequence impedance Z5 = Zy. 

Equations (8.2.13)-(8.2.15) can be represented by the three networks 
shown in Figure 8.4. These networks are called the zero-sequence, positive- 
sequence, and negative-sequence networks, As shown, each sequence network 


FIGURE 8.4 


Sequence networks of a 


balanced-Y Joad 
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+ 
Ly 
Vo Zp = Ly + 3Zn 
3Z, 
Zero-sequence network 
+ => h 
Vy A AA 


— Positive-sequence network 


V, Ly 2 = Z = Ly 


— Negative-sequence network 


is separate, uncoupled from the other two. The separation of these sequence 
networks is a consequence of the fact that Z, 1s a diagonal matrix for a 
balanced-Y load. This separation underlies the advantage of symmetrical 
components. 

Note that the neutral impedance does not appear in the positive- and 
negative-sequence networks of Figure 8.4. This illustrates the fact that 
positive- and negative-sequence currents do not flow in neutral impedances. 
However, the neutral impedance is multiplied by 3 and placed in the zero- 
sequence network of the figure. The voltage J(3Z,) across the impedance 
3Z, is the voltage drop (Di2) across the neutral impedance Z, in Figure 8.3, 
since 7, = 310. 

When the neutral of the Y load in Figure 8.3 has no return path, then 
the neutral impedance Z,„ is infinite and the term 3Z, in the zero-sequence 
network of Figure 8.4 becomes an open circuit. Under this condition of an 
open neutral, no zero-sequence current exists. However, when the neutral of 
the Y load is solidly grounded with a zero-ohm conductor, then the neutral 
impedance is zero and the term 3Z, in the zero-sequence network becomes 
a short circuit. Under this condition of a solidly grounded neutral, zero- 
sequence current Jo can exist when there is a zero-sequence voltage caused by 
unbalanced voltages applied to the load. 

Figure 2.15 shows a balanced-A load and its equivalent balanced-Y 
load. Since the A load has no neutral connection, the equivalent Y load in 
Figure 2.15 has an open neutral. The sequence networks of the equivalent Y 
load corresponding to a balanced-A load are shown in Figure 8.5. As shown, 
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FIGURE 8.5 


Sequence networks for 
an equivalent Y 
representation of a 
balanced-A load 


EXAMPLE 8.4 





+ —-1,-70 














Z 
$ A 
Vo 
i Zero-sequence network j 
+ -=el 
Z 
VA 43 ze = a 
Positive-sequence network 
"ul l> 
V Zy -722:8 
2- 3 Z2 : 


— Negative-sequence network 


e —ÀM———————À a ——M— — 


a — 





the equivalent Y impedance Zy — Z4/3 appears in each of the sequence net- 
works. Also, the zero-sequence network has an open circuit, since Z, = oco 
corresponds to an open neutral. No zero-sequence current occurs in the equiv- 
alent Y load. 

The sequence networks of Figure 8.5 represent the balanced-A load as 
viewed from its terminals, but they do not represent the internal load charac- 
teristics. The currents Jo, h, and DL in Figure 8.5 are the sequence compo- 
nents of the line currents feeding the A load, not tbe load currents within the 
A. The A load currents, which are related to the line currents by (2.5.14), are 
not shown in Figure 8.5. 


Sequence networks: balanced-Y and balanced-A loads 


A balanced-Y load is in parallel with a balanced-A-connected capacitor bank. 
The Y load has an impedance Zy = (3 + j4) Q per phase, and its neutral is 
grounded through an inductive reactance X, = 2 €). The capacitor bank has 
a reactance X, = 30 Q per phase. Draw the sequence networks for this load 
and calculate the load-sequence impedances. 


SOLUTION ‘The sequence networks are shown in Figure 8.6. As shown, the 
Y-load impedance in the zero-sequence network is in series with three times 
the neutral impedance. Also, the A-load branch in the zero-sequence network 
IS open, since no zero-sequence current flows. into the A load. In the positive- 
and negative-sequence circuits, the A-load tmpedance is divided by 3 and 
placed in parallel with the Y-load impedance. The equivalent sequence im- 
pedances are 
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FIGURE 8.6 


Sequence networks for 
Example 8.4 


"gu! 


Z-3*j0n0 





Z, = (3 + jay(-j10). 
= 7454/2657 N 





Z = Zi = 7.454/ 26.57° n 


Negative-sequence network 





Zo iy t es 3E MBA. Ho. 0 
(3 + j4) — 130/3) 
= Zl H3) EUM JO og 
v/(Zaf3) = 34 j4 — j(30/3) 
(5/53.13*)(10/ —90*) . 
ES eo = 7.454/26.57° Q 
Z, = Z; = 7.454/26.57 Q | B 


Figure 8.7 shows a general three-phase linear impedance load. The load 
could represent a balanced load such as the balanced-Y or balanced-A load, 
or an unbalanced impedance load. The general relationship between the line- 
to-ground voltages and line currents for this load can be written as 


Vag Zaa Zab Zac I; | 
Vog | = | Zab Zon Zoe | | Lb (8.2.16) 
Veg Lac Lhe Lee ale 
OT 
Vp = Zl, | (8.2.17) 


where P, is the vector of line-to-neutral (or phase) voltages, I, is the vector 
of line (or phase) currents, and Z, is a 3 x 3 phase aipe danc matrix. Tt is 
assumed here that the load is Aon AE and that Z, is a symmetric matrix, 
which corresponds to a bilateral network. 
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FIGURE 8.7 bes 






General three-phase 
impedance load (linear, 
bilateral network, 
nonrotating equipment) 





Three-phase 
Impedance 
load 





Since (8.2.17) has the same form as {8.2.5), the relationship between the 
sequence voltages and currents for the general three-phase load of Figure 8.6 
is the same as that of (8.2.8) and (8.2.9), which are rewritten here: 


V = Zd aA TIGE 2 e—— 








———— 


Z =A ZA (8.2.19) 


The sequence impedance matrix Z, given by (8.2.19) is a 3 x 3 matrix with 
. nine sequence impedances, defined as follows: 


|». |Zo Zor Zo | 
Zoe S (8.2.20) 
Z» Zn Z 


The diagonal impedances Zo, Zi, and Zv in this matrix are the self- 
impedances of the zero-, positive-, and negative-sequence networks. The off- 
diagonal impedances are the mutual impedances between sequence networks. 
Using the definitions of 4.47. and Z,, (8.2.19) is 

Z0! Zo Zor E aa? ERIS uL. xdg de 3 

Zio Zi Zn» = bar a| |Zu Zii Zeti a d 

Z Za 22 |l a d Lie ub. Ze l a c 
(8.2.21) 


Performing the indicated multiplications in (8.2.21), and using the identity 
(1 +a + a?) = 0, the following separate equations can be obtained (see Prob- 
lem 8.18): 

Diagonal sequence impedances 

Zo = Zia + Zib + Ze + 2Zab + 2Zac + 2Zy) (8.2.22) 

Z| = Zj = (Zaa F Zbb + Lee — Sab — Li = Lhe) (8.2.23) 


(8.2.18) 


FIGURE 8.8 © 


Sequence networks of a 


three-phase symmetrical 
impedance load (linear, 

bilateral network, 
nonrotating equipment) 
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Off-diagonal sequence impedances 


Zoi = Zz = }(Zaa + a^ Zop + AL ec — AZap — a^ Zac — Zoe) 
Zo = Zio = l(Za + AZp + à? Zu — a^ Zap — AZ ac — Zoe) 
Zi = l(Zu + a! Zob + AZ ee + 2aZ ap + 2a* Zee + 2Z p52) 
Zn =4(Zaa + aZpp + a^ Zee + 20° Zap + 2aL ac + 2Z pe) 
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(8.2.24) 


| (8.2.25) 


(8.2.26) 
(8.2.27) 


A symmetrical load is defined as a load whose sequence impedance 
matrix is diagonal; that is, all the mutual impedances in (8.2.24)- (8.2.27) are 
zero. Equating these mutual impedances to zero and solving, the following 


conditions for a symmetrical load are determined. When both 


Len = Zbb = Lc 
conditions for a 


and symmetrical load 


Lab = Lae = Loe 
then 
Zo = Zio = Zv = Zv = Zi) = Zy = 0 
css dora 
Zi = Z3 = Zaa — Zab 


(8.2.28) 
(8.2.29) 
(8.2.30) 


(8.2.31) 
(8.2.32) 


The conditions for a symmetrical load are that the diagonal phase 
impedances be equal and that the off-diagonal phase impedances be equal. 
These conditions can be verified by using (8.2.28) and (8.2.29) with the iden- 









h. —- 
Zo = la + 22 a 


Zero-sequence network 


Z,= ai a Lab 









V 42-2 Zis 7 Lop 


— Negative-sequence network 
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tity (1 + a + a?) = 0 in (8.2.24)-(8.2.27) to show that all the mutual sequence 
impedances are zero. Note that the positive- and negative-sequence im- 
pedances are equal for a symmetrical load, as shown by (8.2.32), and for a 
nonsymmetrical load, as shown by (8.2.23). This is always true for linear, 
symmetric impedances that represent nonrotating equipment such as trans- 
formers and transmission lines. However, the positive- and negative-sequence 
impedances of rotating equipment such as generators and motors are gener- 
ally not equal. Note also that the zero-sequence impedance Zo is not equal to 
the positive- and negative-sequence impedances of a symmetrical load unless 
the mutual phase impedances Zap = Zae = Zbc are zero. 

The sequence networks. of à symmetrical impedance load are shown 
in Figure 8.8. Since the sequence impedance matrix Z, is diagonal for a sym- 
metrical load, the sequence networks are separate or uncoupled. 





"SEQUENCE NETWORKS OF SERIES IMPEDANCES 


— o8 


coe ' Figure 8.9 shows series impedances connected between two three-phase buses 
denoted abc and a'b'c'. Self-impedances of each phase are denoted Zaa, Zi, 
and Zer. In general, the series network may also have mutual impedances be- 
tween phases. The voltage drops across the series-phase impedances are given 


by 
Van ~ Van Via Loa Lab Lac la 
Von — Von | = Vow E Lab Lop Loc I, (8.3.1) 
Ven = Von Vee! Lac Leb Lee I, 


Both self-impedances and mutual impedances are included in (8.3.1). It 
is assumed that the impedance matrix is symmetric, which corresponds to a 
bilateral network. It is also assumed that these impedances represent non- 


FIGURE 8.9 — E m 
a i i 
Three-phase series — ? | ws 1 
impedances (linear, + x + 
! bilateral network, —e i E ors Š 
nònrotating equipment) Van © A I C Van 
+ + 
— it Von’ E 
Ves BAA TIN p V, 
* Zib + 
Von Vos 
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rotating equipment. Typical examples are series impedances of transmission 
lines and of transformers. Equation (8.3.1) has the following form: 


V, — V, = Zyl, | (8.3.2) 


where P, is the vector of line-to-neutral voltages at bus abc, V, is the vector 
of line-to-neutral voltages at bus a'b'c', I, is the vector of line currents, and 
Z, is the 3.x 3 phase impedance matrix for the series network. Equation 
(8.3.2) is now transformed to the sequence domain in the same manner that 
the. load-phase impedances were transformed in Section 8.2. Thus, 


V.—V.— Zl, (8.3.3) 
where | 
Z mud 2.4 | (8.3.4) 


From the results of Section 8.2, this sequence impedance Z, matrix is diago- 
nal under the following conditions: 


Zaa = Lop = Lec conditions for 
and symmetrical 
series impedances 
Pc Um peo (8.3.5) 


When the phase impedance matrix Z, of (8.3.1) has both equal self- 
impedances and equal mutual impedances, then (8.3.4) becomes 


Zo 0 0 
Z= |0" Zy 0 i (8.3.6) 
0 0 Z| 
where 
Zo = Zu + 2Zas (8.3.7) 
and 
Zi = Z2 = Za — Za ` (8.3.8) 
and (8.3.3) becomes three uncoupled equations, written as follows: | 
epus (8.3.9) 
WV -Vyp = Zh (8.3.10) 
V, — V» = Zah (8.3.11) . 


Equations (8.3.9)-(8.3.11) are represented by the three uncoupled 
sequence networks shown in Figure 8.10. From the figure it is apparent 
that for symmetrical series impedances, positive-sequence currents produce 
only positive-sequence voltage drops. Similarly, negative-sequence currents 
produce only negative-sequence voltage drops, and zero-sequence currents 
produce only zero-sequence voltage drops. However, if the series impedances 


— a ee 
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FIGURE 8.10 


Sequence networks of 
three-phase symmetrical 
series impedances 
(linear, bilateral 
network, nonrotating 
equipment) 


8.4 


se lo | 4 = tie "T 22,» | 
ROULEAU e n 
Vo Vor 


Zero-sequence network e 


—h- h l; = fe p Zn 

+ ims AAS + 
V rae V 
x Positive-sequence network - 
—»- h Zy = 4 = Las ` La 

Cp ee A ANE: - ^ rq 
V; V 


wk Negative-sequence network 


are not symmetrical, then Z, is not diagonal, the sequence networks are 
coupled, and the voltage drop across any one sequence network depends on 
all three sequence currents. 


SEQUENCE NETWORKS OF THREE-PHASE LINES 


Section 4.7 develops equations suitable for computer calculation of the séries 
phase impedances, including resistances and inductive reactances, of three- 
phase overhead transmission lines. The series phase impedance matrix Zp for 
an untransposed line is given by Equation (4.7.19), and Z» for a completely 
transposed line is given by (4.7.21)-(4.7.23). Equation (4.7.19) can be trans- 
formed to the sequence domain to obtain 


Zs = AM ZpA : .— (8.4.1) 
Zs is the 3 x 3 series sequence impedance matrix whose elements are 
Z Zo Zo | 
Zs = Zio Z| Z12 Q/m (8.4.2) 
Za Zn Z 


In general Zs 1s not diagonal. However, if the line is completely trans- 
posed, 


Zo 0 0 | l 
^Zs—AZpA-—-|0 Z, 0 | (8.4.3) 
0 0 Z 


where, from (8.3.7) and (8.3.8), 


FIGURE 8.11 


Circuit representation of 
the series sequence 
impedances of a 
completely transposed 
three-phase line 
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I 4 
OR AN YS + 


Eo Ev 
Zero sequence 


/ Z 
Positive sequence 
2; x: Z 


Negative sequence 


A circuit representation of the series sequence impedances of a completely 
transposed three-phase line 1s shown in Figure 8.11. 

Section 4.11 develops equations suitable for computer calculation of 
the shunt phase admittances of three-phase overhead transmission lines. The 
shunt admittance matrix Yp for an untransposed line is given by Equation 
(4:11.16), and Yp for a completely transposed three-phase line is given by 
(4.11.17). 

Equation (4.11.16) can be transformed to the sequence domain to 
obtain | | 


Ys = A^! YpA (8.4.6) 
where AEN 
Ys = Gs + nf )Cs : | (8.4.7) 
|Co Cor Co 
Cs=|Co € Ci| F/m (8.4.8) 
C» Ca C2 


In general, Cs is not diagonal. However, for the completely transposed line, 


. Xi yo 00 Co 0 0 | 
Ys-4Ye4- |0 ĝ 0|-JjQm)|o CG 0 (8.4.9) 
0 0 yo 0 0 Cy 


where 
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FIGURE 8.12 0 


Circuit representations 
of the capacitances of a 
completely transposed 
three-phase line 
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— 


Eo 


(6. + 26) Le + SE deis, a Bee): 
| | | 2 


n C 
(a) Phase domain (b) Sequence domain 
Co = C, + 2Cap F/m (8.4.10) 
C; = Ĉ, = Ĉm — C, F/m (8.4.11) 


Since C,, is negative, the zero-sequence capacitance Co is usually much less 
than the positive- or negative-sequence capacitance. 
Circuit representations of the phase and sequence capacitances of a 


-—. -= —— —— 





(—— — completely transposed three-phase line are shown in Figure 8.12.- 


SEQUENCE NETWORKS OF ROTATING MACHINES 


A Y-connected synchronous generator grounded through a neutral impedance 
` Za is shown in Figure 8.13. The internal generator voltages are designated Ea, 
E,, and E., and the generator line currents are designated J,, Ja, and J,. 


FIGURE 8.13 


Y connected 
synchronous generator 
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252 





‘r Zero-sequence network Positive-sequence network Negative-sequence network 


FIGURE 8.14 Sequence networks of a Y-connected synchronous generator 


The sequence networks of the generator are shown in Figure 8.14. Since 

a three-phase synchronous generator is designed to produce balanced internal 

phase voltages £,, Ej, E. with only a positive-sequence component, a source 
voltage E, is included only in the positive-sequence network. The sequence 
components of the line-to-ground voltages at the generator terminals are de- 
noted Vo, Vj, and V m Figure 8.14. 

The voltage drop in the generator neutral impedance is Z,a, which 
can be written as (3Z,,)Jo, since; from (8.1.27), the neutral current is three 
times the zero-sequence current. Since this voltage drop is due only to zero- 
sequence current, an impedance (3Z,) is placed in the zero-sequence network 
of Figure 8.14 in series with the generator zero-sequence impedance Zo. 

The sequénce impedances of rotating machines are generally not equal. 
A detailed analysis of machine-sequence impedances is given in machine 
theory texts. We give only a brief explanation here. 

When a synchronous generator stator has balanced three-phase positive- 
sequence currents under steady-state conditions, the net mmf produced by 
these positive-sequence currents rotates at the synchronous rotor speed in the 
same direction as that of the rotor. Under this condition, a high value of mag- 
netic flux penetrates the rotor, and the positive-sequence impedance Zi has a 
high value. Under steady-state conditions, the positive-sequence generator 
impedance is called the synchronous impedance. 

When a synchronous generator stator has balanced three-phase negative- 
sequence currents, the net mmf produced by these currents rotates at syn- 
chronous speed in the direction opposite to that of the rotor. With respect to 
the rotor, the net mmf is not stationary but rotates at twice synchronous 
speed. Under this condition, currents are induced in the rotor windings that 
prevent the magnetic flux from penetrating the rotor. As such, the negative- 
sequence impedance Z,) is less than the positive-sequence synchronous im- 
pedance. 

When a synchronous generator has only zero-sequence currents, which 
are line (or phase) currents with equal magnitude and phase, then the net 
mmf produced by these currents is theoretically zero. The generator zero- 
sequence impedance Z, is the smallest sequence impedance and is due to 
leakage flux, end turns, and harmonic flux from windings that do not pro- 
duce a perfectly sinusoidal mmf. 


a 
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FIGURE 8.15 


Sequence networks of 


three-phase motors —— DHZ- 9 





Typical values of machine-sequence impedances are listed in Table A.1 
in the Appendix. The positive-sequence machine impedance is synchronous, 
transient, or subtransient. Synchronous impedances are used for steady-state 
conditions, such as in power-flow studies, which are described in Chapter 6. 
Transient impedances are used for stability studies, which are described in 
Chapter 13, and subtransient impedances are used for short-circuit studies, 
which are described in Chapters 7 and 9. Unlike the positive-sequence im- 
pedances, a machine has only one negative-sequence impedance and only one 
zero-sequence impedance. 

The sequence networks for three-phase synchronous motors and for 
three-phase induction motors are shown in Figure 8.15. Synchronous motors 
have the same sequence networks as synchronous generators, except that the 
sequence currents for synchronous motors are referenced into rather than out 
of the sequence networks. Also, induction motors have the same sequence 
networks as synchronous motors, except that the positive-sequence voltage 


= lo Zo 





+ 


Vo 32, 





Positive-sequence network 


—ÉÁ- h Za ia h Lm 





Negative-sequence network Negative-sequence network 


(a} Synchronous motor (b) Induction motor 


EXAMPLE 8.5 


' FIGURE 8.16 


Sequence networks for 
Example 8.5 
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source E,| is removed. Induction motors do not have a dc source of mag- 
netic flux in their rotor circuits, and therefore E, is zero (or a short circuit). 

The sequence networks shown in Figures 8.14 and 8.15 are simplified 
Jetworks for rotating machines. The networks do not take into account such 
phenomena as machine saliency, saturation effects, and more complicated 
transient effects. These simplified networks, however, are in many cases accu- 
rate enough for power system studies. 


Currents in sequence networks 


"^ Draw the sequence networks for the circuit of Example 2.5 and calculate the 


sequence components of the line current. Assume that the generator neutral 
is grounded through an impedance Z, = j10 Q, and that the generator se- 


. quence impedances are Zy = jl. O, Za = j15 Q, and Zp = j3 Q. 


SOLUTION The sequence networks are shown in Figure 8.16. They are ob- 


tained by interconnecting the sequence networks for a balanced-A load, for 


bh =0 Zo = 1/850 








foo = jio 44 = 10/40* N 
3Z, = {309 
Zero-sequence network l 
h 4, = M89 n 
V = Sl -30? volts  - = = 10/40° 0 
Positive-sequence network 
h = 0 Z2 = 1/85° ( 
Z2 is j3 Q l Z o H 
Hu 47 10/40? N 





Negative-sequence network 
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series-line impedances, and for a synchronous generator, which are given in 
Figures 8.5, 8.10, and 8.14. 

It is clear from Figure 8.16 that Ig = J2 = 0 since there are no sources 
in the zero- and negative-sequence networks. Also, the positive-sequence gen- 
erator terminal voltage V, equals the generator line-to-neutral terminal volt- 
age. Therefore, from the positive-sequence network shown in the figure and 
from the results of Example 2:5, 


E | = 25.83/—73.78° A =I, 


(Zu T l Za 


} = 


Note that from (8.1.20), 7; equals the line current J,, since Jg = h = 0. 
E 


The following example illustrates the superiority of using symmetrical com- 
ponents for analyzing unbalanced systems. 
EXAMPLE 8.6 Solving unbalanced three-phase networks using sequence components 


A Y-connected voltage source with the following unbalanced voltage is ap- 
im plied to the balanced line and load of Example 2.5. 


Vag | [2no 
Vog | = | 260/—120° | volts 


Vig 295/ 4-115? 


The source neutral is solidly grounded. Using the method of symmet- 
rical components, calculate the source currents Ja, 75, and Te. 


SOLUTION Using (8.1.13)-(8.1.15), the sequence components of the source 
voltages are: 


Va = 1277/0? + 260/ —120? + 295/115°) 
= 7.4425 + 714.065 = 15.912/62.11° volts 

V, = 1(227/0° + 260/—120° + 120° + 295/115° + 240°) 
= 4(277/0° + 260/0° + 295/-5°) 
= 276.96 — j8.5703 = 277.1/-1.772° volts 

V2 = 4(277/0° + 260/—120° + 240° + 295/115° + 120°) 

= 1(277/0° + 260/120° + 295/235°) 
= —7.4017 — 75.4944 = 9.218/216.59° volts 


These sequence voltages are applied to the sequence networks of the 
line and load, as shown in Figure 8.17. The sequence networks of this figure 
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FIGURE 8.17 pan 1/85° Q 


Sequence networks for 
Example 8.6 

10/40° N 

Vo = 1591/62.11? 





Zero-sequence network: 


P 1/85* Q 
V, = 277.1/-1.97° 10/40° N 


Positive-sequence network 


k 1/85" 0 


v5 = 9.218/216.6° 10/40° 0 





Negative-sequence network 
are uncoupled, and the sequence components of the source currents are easily 
calculated as follows: 
Ib = 9 


_ V; No 2771. 1/ -1.712 —]. Tp = o 
Zi z = 1073/4378 25.82/—45.55"^ A 
Zi + —— 3  10.73/43.78° 


= V} 9.218/216.59° -— 
h=—7 =a = 0.8591/172.81 LA 
Zi: + —— 3 10.73/43.78* 


Using (8.1.20)- (8.1.22), the source currents are: 

I, = (0 + 25.82/ —45.55* + 0.8591/172.81°) 
= 17.23 — 18.32 = 25.15/—46.76° . A . 

Ty = (0 + 25.82/—45.55° + 240° + 0.8591/172.81? + 120°) 
= (25.82/194.45° + 0.8591/292.81° ) 
= —24.67 — 7.235 = 25.71/196.34° A 


422 


CHAPTER 8 SYMMETRICAL COMPONENTS 


8.6 


I, = (0 + 25.82/ —45.55? + 120° + 0.8591/172.812 +2402). 
= (25.82/74.45? + 0:8591/52.81°) 
= 7441 + j25.56 = 26.62/73.77 A 


You should calculate the line currents for this example without using 
symmetrical components, in order to verify this result and to compare the 
two solution methods (see Problem 8.33). Without symmetrical components, 
coupled KVL equations must be solved. With symmetrical components, the 
conversion from phase to sequence components decouples the networks as 
well as the resulting KVL equations, as shown above. E 


PER-UNIT SEQUENCE MODELS OF THREE-PHASE 
TWO-WINDING TRANSFORMERS 


Figure 8.18(a) is a schematic representation of an ideal Y-Y transformer 
grounded. through neutral impedances Zy and Z,. Figures 8.18(b-d) show.. 


= the per-unit sequence networks of this ideal transformer. 


When balanced positive-sequence currents or balanced negative- 
sequence currents are applied to the transformer, the neutral currents are zero 
and there are no voltage drops across the neutral impedances. Therefore, the 
per-unit positive- and negative-sequence networks of the ideal Y-Y trans- 
former, Figures 8.18(b) and (c), are the same as the per-unit single-phase 
ideal transformer, Figure 3.9(a). 

Zero-sequence currents have equa! magnitudes and equal phase angles. . 
When per-unit sequence currents ZAo = Jp; =. Ico = Io are applied to the high- 
voltage windings of an ideal Y-Y transformer, the neutral current Jy = 379 
flows. through the neutral impedance Zy, with a voltage drop (3Zy)1o. Also, 
per-unit zero-sequence current J flows in each, low-voltage winding [from 
(3.3.9)], and therefore 379 flows through neutral impedance Z,,, with a voltage 
drop (3Jo)Z,. The per-unit zero-sequence network, which includes the im- 
pedances (3Zy) and (3Z,), is shown in Figure 8.18(b). 

Note that if either one of the neutrals of an ideal transformer is un- 
grounded, then no zero sequence can flow in either the high- or low-voltage 
windings. For example, if the high-voltage winding has an open neutral, then 
Iy = 319 = 0, which in turn forces Jy = 0 on the low-voltage side. This can be 
shown in the zero-sequence network of Figure 8.18(b) by making Zy = oo, 
which corresponds to an open circuit. 

The per-unit sequence networks of a practical Y-Y transformer are 
shown in Figure 8.19(a). These networks are obtained by.adding external im- 
pedances to the sequence networks of the ideal transformer, as follows. The 
leakage impedances of the high-voltage windings are series impedances like 
the series impedances shown in Figure 8.9, with no coupling between phases 
(Za = 0). If the phase a, b, and c windings have equal leakage impedances 
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FIGURE 8.18 C 
Ideal Y-Y transformer 





(a) Schematic representation 
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(b) Per-unit zero-sequence network 
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(c) Per-unit positive-sequence network 
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Oe 
(d) Per-unit negative-sequence network 


Zy = Ry + Xy, then the series impedances are symmetrical with sequence 
networks, as shown in Figure 8.10, where Zuo = Zai = Zm = Zy. Similarly, 
the leakage impedances of the low-voltage windings are symmetrical series 
impedances with Zx9 = Zx1 = Zx2 = Zy. These series leakage impedances 
are shown in per-unit in the sequence networks of Figure 8.19(a). 

The shunt branches of the practical Y-Y transformer, which represent 
exciting current, are equivalent to the Y load of Figure 8.3. Each phase in 
Figure 8.3 represents a core loss resistor in parallel with a magnetizing induc- 
tance. Assuming these are the same for each phase, then the Y load is sym- 
metrical, and the sequence networks are shown in Figure 8.4. These shunt 
branches are also shown in Figure 8.19(a).. Note that (3Zy) and (3Z,) have 
already been included in the zero-sequence network. 
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Single-line diagram 


Schernatic 


Per-unit 
zero-sequence 
network 


Per-unit 
positive-sequence 
network 


Per-unit 
negative-sequence 
network 





‘OR PPS (b) Y-A (c) A-A 


FIGURE 8.19  Per-unit sequence networks of practical Y-Y, Y-A; and A-A transformers 


The per-unit positive- and negative-sequence transformer impedances of 
the practical Y-Y transformer in Figure 8.19(a) are identical, which is always 
true for nonrotating equipment. The per-unit zero-sequence network, how- 
ever, depends on the neutral impedances Zy arid Z,,. 

The per-unit sequence networks of the Y—A transformer, shown in Fig- 
‘ure 8.19(b), have the following features: 


EXAMPLE 8.7 
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1. The per-unit impedances do not depend on the winding connections. 
That is, the per-unit impedances of a transformer that 1s connected 
Y-Y, Y-A, A-Y, or A-A are the same. However, the base voltages 
do depend on the winding connections. 


2. A phase shift is included in tbe per-unit positive- and negative- 
sequence networks. For the American standard, the positive-sequence 
voltages and currents on the high-voltage side of the Y-A trans- 
former lead the corresponding quantities on the low-voltage side by 
30°. For negative sequence, the high-voltage quantities lag by 30? 


3. Zero-sequence currents can flow in the Y winding if there is a neutral 
connection, and corresponding zero-sequence currents flow within 
the A winding. However, no zero- sequence current enters or leaves 
the A winding. 


The phase shifts in the positive- and negative-sequence networks. of 
Figure 8.19(b) are represented by the phase-shifting transformer of Figure 


3.4. Also, the zero-sequence network of Figure 8.19(b) provides a path on the 


Y side for zero-sequence current to flow, but no zero-sequence current can 
enter or leave.the A side. 

The per-unit sequence networks of the A-A transformer, shown in Fig- 
ure 8.19(c), have the following features: 


1. The positive- and negative-sequence networks, wluch are identical, 
are the same as those for the Y-Y transformer. It is assumed that the 
windings are labeled so there is no phase shift. Also, the per-unit im- 
pedances do not depend on the winding connections, but the base 
voltages do. 


2. Zero-sequence currents cannot enter or leave either A winding; al- 
though they can circulate within the A windings. 


Solving unbalanced three-phase networks with transformers 
using per-unit sequence components 


A 75-kVA, 480-volt A/208-volt Y transformer with a solidly grounded neutral 
IS connected between the source and line of Example 8.6. The transformer 
leakage reactance 15 Xega = 0.10 per unit; winding resistances and exciting 
current are neglected. Using the transformer ratings as base quantities, draw 
the per-unit sequence networks and calculate the phase a source current 74. 


SOLUTION The base quantities are Spaserg = 75/3 = 25 KVA, VobaseHLN = 
480/V/3 = 277.1 volts, VbasexLN = 208/V3 = 120.1 volts; and Zhasex = 
(120.1)*/25,000 = 0.5770 Q. The sequence components of the actual source 
voltages are given in Figure 8.17. In per-unit, these voltages are 
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5.91/62.11° 
yo = FOMEI = 0.05742/62.11° per unit i 


1/ — 1.7729 À 
V = a n 1.0/—1.772° per unit 


Vy = ae = 0.03327/216.59* per unit 


The per-unit line and load impedances, which are located on the low-voltage 
side of the transformer, are 


1/85? : 
Zio = Zu = Zu = e = 1.733/85° per unit 


0.577 
ZA . 10/40" 40^ 
- =A = 17.33/40° 
Zioadl = Zload2 300.875 ^ 0.577 33/40? per unit 
FIGURE 8.20 ly = 0 0.10 1.733 /85° 


Per-unit sequence 
networks for Example 
8.7 

rl - —— MS m mum — — - 


0.05742 /62.11° 


17.33 /40° 





(a) Per-unit zero-sequence network 


j0.10 "E 1.733 /85° 


-— NE v 
e?» 


(b) Pér-unit positive-sequence network 


j010 s. 5 1.733 785° 


17.33 /40° 
É 03327 /216.6° 


e BO . 


(c) Per-unit negative-sequence network 


8.7 
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The per-unit sequence networks are shown in Figure 8.20. Note that the per- 
unit line and load impedances, when referred to the high-voltage side of the - 
phase-shifting transformer, do not change (see (3.1.26)). Therefore, from Fig- 
ure 8.20, the sequence components of the source currents are 


Ig =0 


E Vi E 1:07 1:2] 
— 7Xeqt Zo + Zoa 0.10 + 1.733/859 + 17.33/40° 


1.0/—1.772? 10/-1.772 | 
= m a = 0.05356/-45.77° 
343031297 ^ Inm: OAN gerit 


_ V» |. 0.03327/216.59^ 
~ JX«a^Zu-Zo — 1867/44. 


= 0.001782/172.59° per unit 


h 


I 


The phase a source current is then, using (8.1.20), 
L=htht+h 


= 0 + 0.05356/—45.77° + 0.001782/172.59° 
= 0.03511 — 0.03764 = 0.05216/—46.19° per unit 


75,000 
Using I = —— = 90.21 A, 
E LbaseH 4803 
Ia = (0.05216)(90.21)/ —46.19? = 4.705/—46.19* A 3 


PER-UNIT SEQUENCE MODELS OF THREE-PHASE 
THREE-WINDING TRANSFORMERS 


Three identical single-phase three-winding transformers can be connected 
to form a three-phase bank. Figure 8.21 shows the general per-unit sequence 
networks of a three-phase three-winding transformer. Instead of labeling the 
windings 1, 2, and 3, as was done for the single-phase transformer, the letters 
H, M, and X are used to denote the high-, medium-, and low-voltage wind- 
ings, respectively. By convention, a common Spase is selected for the.H, M, 
and X terminals, and voltage bases Vpas, WbaseM, and Vbasex are selected in 
proportion to the rated line-to-line voltages of the transformer. 

For the general zero-sequence network, Figure 8.21(a), the connection 
between terminals H and H’ depends on how the high-voltage windings are 
connected, as follows: 


1. Solidly grounded Y —Short H to H’. 
2. Grounded Y through Zy— Connect (3Zy) from H to H’. 
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FIGURE 8.21 


Per-unit sequence 
networks of a three- 
phase three-winding 

transformer 


EXAMPLE 8.8 





(a) Per-unit zero-sequence network 





(b) Per-unit positive- or negative-sequence network 
(phase shift not shown) 


3. Ungrounded Y —Leave H-H’ open as shown. 
4. A—Short H’ to the reference bus. 


Terminals X-X’ and M-M' are connected in a similar manner. 

The impedances of the per-unit negative-sequence network are the same 
as (hose of the per-unit positive-sequence network, which is always true for 
nonrotating equipment. Phase-shiftng transformers, not shown in Figure 
8.21(b), can be included to model phase shift between A and Y windings. 


Three-winding three-phase transformer: per-unit sequence networks 


Three transformers, each identical to that described in Example 3.9, are 
connected as a three-phase bank in order to feed power from a 900-MVA, 
13.8-kV generator to a 345-kV transmission line and to a 34.5-kV distribu- 
tion line. The transformer windings are connected as follows: 
13.8-kV windings (X): A, to generator 
199.2-kV windings (H): solidly grounded Y, to 345-kV line 


19.92-kV windings (M): grounded Y through Z, = j0.10 Q, 
to 34.5-kV line 


FIGURE 8.22 


Per-unit sequence 
networks for Example 
8.8 
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The positive-sequence voltages and currents of the high- and medium-voltage 
Y windings lead the corresponding quantities of the low-voltage A winding 
by 30°. Draw the per-unit sequence networks, using a three-phase base of 


900 MVA and 13.8 kV for terminal X. 


SOLUTION The per-unit sequence networks are shown in Figure 8.22. Since 
Vobasex = 13.8 kV is the rated line-to-line voltage of terminal X, Vobasem = 
V3(19.92) = 34.5 kV, which is the rated line-to-line voltage of terminal M. 


The base impedance of the medium-voltage terminal 1s then 


(34.5) 
900 
Therefore, the per-ünit neutral impedance ts 


= 13275 0 





Z baseM = 


I = j0.07561 


per unit 





j0.2268 






(a) Zero sequence 


-j0.01 








j0.11 


e73. 1 


(D) Positive sequence 


-j0.01 





{0.11 





(c) Negative sequence 
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and (3Z,) = j0.2268 is connected from terminal M to M' in the per-unit zero- 
sequence network. Since the high-voltage windings have a solidly grounded 
neutral, H to H' 1s shorted in the zero-sequence network. Also, phase-shifting 
transformers are included in the positive- and negative-sequence networks. Ni 


POWER IN SEQUENCE NETWORKS 


The power delivered to a three-phase network can be determined from the 
power delivered to the sequence networks. Let S, denote the total complex 
power delivered to the three-phase load of Figure 8.7, which can be calcu- 
lated from 


Sp = VaL; EE Vogl, F Vogl e (8.8.1) 


Equation (8.8.1) 1s also valid for the total complex power delivered by 
the three-phase generator of Figure 8.13, or for the complex power delivered 
to any three-phase bus. Rewriting (8.8.1) in matrix format, 


ds 
Sp x Mag Vbg Vog! ly 
. I 
Tr* ' 
= VT (8.8.2) 


where T denotes transpose and * denotes complex conjugate. Now, using 
(8.1.9) and (8.1.16), 


S, = (AVÀ (ALY 
= V [ATA (8.8.3) 


Using the definition of A, which is (8.1.8), to calculate the term within the 
brackets of (8.8.3), and noting that a and a? are conjugates, 


J a ere Gt Si ae 
A‘A*=/1 æ a 1 a a 

l a a? ] a a 
Lo TT ob d 

=| a* a l a wc 
l a a^ I d a 
3 00 

—|0 3 0| 23U (8.8.4) 
0 0 3 
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Equation (8.8.4) can now be used in (8.8.3) to obtain 


S, = 301 
Ig 
= 3[Vo T8 V; Ir (8.8.5) 


Sp = 3(Volg + Vf + Volz) 
= 3S, | (8.8.6) 


Thus, the total complex power S, delivered to a three-phase network equals 
three times the total complex power S, delivered to the sequence networks. 

The factor of 3 occurs in (8.8.6) because 474" = 3U, as shown by 
(8.8.4). It 1s possible to eliminate this factor of 3 by defining a new transfor- 
mation matrix A, = (1/V/3)A such that Aj A* = U, which means that 4; isa 
unitary matrix. Using A, instead of A, the total complex power delivered to 
three-phase networks would equal the total complex power delivered to the 
sequence networks. However, standard industry practice for symmetrical 
components is to use 4, defined by (8.1.8). 


EXAMPLE 8.9 Power in sequence networks 


Calculate S, and S, delivered by the three-phase source in Example 8.6. 
Verify that S, = 3S.. 


SOLUTION Using (8.5.1), 


S, = (277/0° )(25.15/+46.76° ) + (260/ —120?)(25.71/ —196.34^) 
+ (295/115°)(26.62/—73.77 ) 
= 6967/46.76° + 6685/43.66° + 7853/41.23° 
= 15,520 + 714,870 = 21,490/43.78° VA 
In the sequence domain, 
S, = Volo + Vile + Vols 
= 0+ (277.1/—1.77° )(25.82/45.55° ) 
+ (9.218/216.59° )(0.8591/—172.81° ) 
= 7155/43.78° + 7.919/43.78°. 
= $172 + j4958 = 7163/43.78° VA 
Also, 


3S; = 3(7163/43.78°) = 21,490/43.78° = S, E 
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PROBLEMS 


8.1 


8.2 


8.3 
8.4 


8.5 


8.6 


8.7 


8.8 


8.9 


8.10 


SECTION 8.1 


Using the operator a = 1/ 120°, evaluate the following in polar form: (a) (a+ 1)/ 
(1 +a-— a°), (b) (a^ a *- j)/(a — a*), (c) (1 - a)(1 +4”), (d) (a+ a?) (a? +1). 
Using a = 1/120°, evaluate the following in rectangular form: 

a, al? 

b. (ja)? 

c. (1—- a? 

d. ef 
Hint for (d): e+») = ee” = e*/y, where y is in radians. 
Determine the symmetrical components of the following line currents: (a) Z, = 10/90°, 
Ij = 10/340°, I. = 10/200? A; (b) Ja = 100, 7; = 100, 7, = 0 A. 
Find the phase voltages Lj, Von, and Ven whose sequence components are: 
Vo = 20/80°, V, = 100/0°, V; = 30/180? V. 
For the unbalanced three-phase system described by 

I, = 12/0°A,-- Jp = 6/-90°A, .Ic-— 8/-150°A-—- 
compute the symmetrical components Jp, 7j, hh. 


(a) Given the symmetrical components to be 
Vo =.10/0°V, Vy = 80/30°V, Vy = 40/-30°V 


determine the unbalanced phase voltages V,, Vp, and V. 

(b) Using the results of part (a), calculate the line-to-line voltages Vas, Vy, and V. 
Then determine the symmetrical components of these ling-to-line voltages, the sym- 
metrical components of the corresponding phase voltages, and the phase voltages. 
Compare them with the result of part (a). Comment on why they are different, even 
though either set will result in the same line-to-line voltages. 


One line of a three-phase generator is open circuited, while the other two are 
short-circuited to ground. The line currents are J, — 0, J, = 1500/90°, and J, = 
1500/ —30^ A. Find the symmetrical components of these currents. Also find the 
current into the ground. 

Let an unbalanced, three-phase, Wye-connected load (with phase impedances of Z,, 
Zp, and Z.) be connected to a balanced three-phase supply, resulting in phase voltages 
of Va, Vp, and V, across the corresponding phase impedances. 

Choosing Va as the reference, show that 


Do = 0; Vos.) = V3V,, eP; ES VB, se 
Reconsider Problem 8.8 and choosing V5. as the reference, show that 
Vico = 0; Vc. 1 = —~jV3V 9,13 Vics zx JV AV, a. M 


Given the line-to-ground voltages Vag = 280/0°, V4, = 290/ —130^, and EZ, = 260/ 110° 
volts, calculate (a) the sequence components of the line-to-ground voltages, denoted 
Vigo, Vegi, and Vigo; (b) line-to-line voltages Kab, V4;, and V4; and (c) sequence com- 
ponents of the line-to-line voltages Viro, Viti, and Vira. Also, verify the following 
general relation: Vija = 0, Viii = V3 Vtg/ +30°, and Vii, = V3V Ly2/ —30° volts. 


8.12 


8.13 


8.14 


8.15 
8.16 
8.17 
8.18 


8.19 


8.20 
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8.22 
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A balanced A-connected load ts fed by a three-phase supply for which phase C is open 
and phase A is carrying a current of 10/0° A. Find the symmetrical components of 
the line currents. (Note that zero-sequence currents are not present for any three-wire 
system.) 

A Y-connected load bank with a three-phase rating of 500 kVA and 2300 V consists 
of three identical resistors of 10.58 Q. The joad bank has the following applied 
voltages: V4,.— 1840/82.8°, Vy, = 2760/ —41.4^, and V4, = 2300/180° V. Determine 
the symmetrical components of (a) the line-to-line voltages Vato, Vabi, and Vapa; (b) the 
line-to-neutral voltages Vano, Yani, and Van2; (c) and the line currents 7,9, £41, and £45. 
(Note that the absence of a neutral] connection means that zero-sequence currents are 
not present.) 


SECTION 8.2 


The currents in a A load are Jy, = 10/0°, Ine = 20/ —90^, and Lu = 15/90" A. Calcu- 
late (a) the sequence components of the A-load currents, denoted Tao, Jai, Zaz; (b) the 
line currents J,, 7;, and Z., which feed the A load; and (c) sequence components of the 
line currents J10, /5;3, and Ai». Also, verify the following general relation: Ao = 0, 


hi = VAI / —305, and Az = V31,45/ 30? A. 


The voltages given in Problem 8.10 are applied to a balanced-Y load consisting of . 
(6+ j8) ohms per phase. The load neutral is solidly grounded. Draw the sequence 
networks and calculate Jp, /;, and D, the sequence components of the line currents. 
Then calculate the line currents I4, 7», and Z.. 


Repeat Problem 8.14 with the load neutral open. 
Repeat Problem 8.14 for a balanced-A load consisting of (12 + 716) ohms per phase. 
Repeat Problem 8.14 for the load shown in Example 8.4 (Figure 8.6). 


Perform the indicated matrix multiplications in (8.2.21) and verify the sequence im- 
pedances given by (8.2.22)- (8.2.27). 


The following unbalanced line-to-ground voltages are applied to the balanced-Y load 
shown in Figure 3.3: Vay = 100/0°, Vi, = 75/180°, and Ky = 50/90? volts. The Y 
load has Zy = 3+ j4 Q per phase with neutral impedance Z, = /] Q. (a) Calculate 
the line currents /,, Jp, and J, without using symmetrical components. (b) Calculate 
the line currents Ja, 76, and 7, using symmetrical components. Which method is easier? 


(a) Consider three equal impedances of (j27) Q connected in A. Obtain the sequence 


networks. 
(b) Now, with a mutual impedance of (j6) Q betwéen each pair of adjacent branches 
in the A-connected load of part (a), how would the sequence networks change? 


The three-phase impedance load shown in Figure 8.7 has the following phase imped- 
ance matrix: 


(6+ 710) 0 0 
Ze 0 (6 4- j10) 0 Q 
0 0 (6+ 710) 


Determine the sequence impedance matrix Z, for this load. Is the load symmetrical? 


The three-phase impedance load shown in Figure 8.7 has the following Sequence im- 
pedance matrix: 
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8.23 


FIGURE 8.23 
Problem 8.23 


8.24 


8.25 


8.26 


8.27 


(8+ 712) 0 0 
is = 0 ^4 0 OQ 
0 0 4 


Determine the phase impedance matrix Zp for this load. Is the load symmetrical? 


Consider a three-phase balanced Y-connected load with self and mutual impedances 
as shown in Figure 8.23. Let the load neutral be grounded through an impedance Z,. 
Using Kirchhoff's laws, develop the equations for line-to-neutral voltages, and then 
determine the elements of the phase impedance matrix. Also find the elements of the 
corresponding sequence impedance matrix. 


E A 
Zm 
"M EN z Zn 
i : lz |z 
| | Z 


i de, s 
V | a Z, 


A three-phase balanced voltage source is applied to a balanced Y-connected load with 
ungrounded neutral. The Y-connected load consists of three mutually coupled re- 
actances, where tbe reactance of each phase is j12 Q and the mutual coupling between 
any two phases is j4 Q. The line-to-line source voltage is 100 v3 V. Determine the 
line currents (a) by mesh analysis without using symmetrical components, and (b) 
using symmetrical components. 


A three-phase balanced Y-connected load with series impedances of (8+ j24) Q 


' per phase and mutual impedance between any two phases of j4 Q is. supplied by 


a three-phase unbalanced source with line-to-neutral voltages of V4, = 200/255, 
Von = 100/ —155?, Von = 80/100? V. The load and source neutrals are both solidly 
grounded. Determine: (a) the load sequence impedance matrix, (b) the symmetrical 
components of the line-to-neutral voltages, (c) the symmetrical components of the 
load currents, and (d) the load currents. 


SECTION 8.3 


Repeat Problem 8.14 but include balanced three-phase line impedances of (3+ j4) 
ohms pér phase between the source and load. 


Consider the flow of unbalanced currents in the symmetrical three-phase line sec- 
tion with neutral conductor as shown 1n Figure 8.24. (a) Express the voltage drops 
across the line conductors given by Via’, Vy, and Va» in terms of line currents, self- 
impedances defined by Z, = Zaa + Zm —2Zan, and mutual impedances defined by 
Zm = Zab + Zm — 2Zan. (b) Show that the sequence components of the voltage drops 
between the ends of the line section can be written as Vaayy = Zolo, Vaan = Zia, 
and V4; = Zalas, where Zo = Z, + 2Zm = Zaa + 2Zab + 3Zan — 6Zan and Zi = Z: = 
Zs — Zm = Zaa — Zap. 


FIGURE 8.24 
Problem 8.27 


8.28 


8.29 


8.30 


FIGURE 8.25 
Problem 8.30 
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Let the termina] voltages at the two ends of the line section shown in Figure 8.24 be 
given by: 

Van = (182 + j70) kV Vant = (154 + J28) kV 

Von = (72.24 — j32.62) kV Vin’ = (44.24 + 774.62) kV 

Ven = (—170.24 + j88.62) kV Voy = (—198.24 + j46.62) kV 


The line impedances are given by: 
Zar =J R Zm Zian REO Zan 


(a) Compute the line currents using symmetrical components. (Hint: See Problem 


8.27.) (b) Compute the line currents without using symmetrical components. 


A completely transposed three-phase transmission line of 200 km in length has the 
following symmetrical sequence impedances and sequence admittances: 


Z, = Z, = j0.SQ/km; Zp = j2 Q/km 
Yi = Y, = jjx10?s/m; Yo = jl x 107? s/m 


| Set up the nominal FI sequence circuits of this medium-length liné. 


_ SECTION 8.5 


As shown in Figure 8.25, a balanced three-phase, positive-sequence source with 
Van = 480/0° volts is applied to an unbalanced A load. Note that one leg of the A is 






Eu h 


Vas = 480 / 0° V 
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8.32 


8.33 


8.34 


8.35 


FIGURE 8.26 


One-hne diagram for 
Problem 8.35 


open. Determine: (a) the load currents Jap and Ipc; (b) the line currents 74, Ig, and Ic, 
which feed the A load; and (c) the zero-, positive-, and negative-sequence components 
of the line currents. 


A balanced Y-connected generator with terminal voltage Ve = 480/90° volts is con- 
nected to a balanced-A load whose impedance is 20/40? ohms per phase. The line im- 
pedance between the source and load is 0.5/80° ohm for each phase. The generator 
neutral is grounded through an impedance of j5 ohms. The generator sequence im- 
pedances are given by Zgo = J7, Zp = j15, and Z,2 = j10 ohms. Draw the sequence 
networks for this system and determine the sequence components of the line currents. 


In a three-phase system, a synchronous generator supplies power to a 208-volt syn- 
chronous motor through a line having an impedance of 0.5/80° ohm per phase. The 
motor draws 10 kW at 0.8 p.f. leading and at rated voltage. The neutrals of both the 
generator and motor are grounded through impedances of j5 ohms. The sequence 
impedances of both machines are Zo = J5, Z; = j15, and Z» = /10 ohms. Draw the 
sequence networks for this system and find the line-to-line voltage at the generator 
terminals. Assume balanced three-phase operation. 


Calculate the source currents in Example 8.6 without using symmetrical components. 
Compare your solution method with that of Example 8.6. Which method ts easier? 


A Y-connected synchronous generator rated 20 MVA at 13.8 kV has a positive- 
sequence reactance of j2.38 ©, negative-sequence reactance of j3.33 Q, and zero- 
sequence reactance of j0.95 Q. The- generator neufral-is solidly grounded. With the ` 
generator operating unloaded at rated voltage, a so-called single line-to-ground fault 
occurs at the machine terminals. During this fault, the line-to-ground voltages at the 
generator terminals are Vag = 0, Vy, = 8.071/—102.25°, and Veg = 8.071/ 102.25° kV. 


‘Determine the sequence components of the generator fault currents and the generator 


fault currents. Draw a phasor diagram of the pre-fault and post-fault generator termi- 
nal voltages. (Note. For this fault, the sequence components of the generator fault 
currents are all equal to each other.) 


Figure 8.26 shows a single-line diagram of a three-phase, interconnected generator- 
reactor system, in which the given per-unit reactances are based on the ratings of the 
individual pieces of equipment. If a three-phase short-circuit occurs at fault point F, 


. obtain the fault MVA and fault current in kA, if the pre-fault busbar line-to-line volt- 


age is 13.2 kV. Choose 100 MVA as the base MVA for the system. 


20MVA 40 MVA i 40 MVA 
0.1 per unit 0.15 per unit — — 0.15 per unit 





20 MVA 2. 216 MVA 
0.05 per unit 0.04 per unit 
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Consider Figures 8.13 and 8.14 of the text with reference to a Y-connected synchro- 
nous generator (grounded through a neutral impedance Z,) operating at no load. For 
a line-to-ground fault occurring on phase a of the generator, list the constraints on the 
currents and voltages in the phase domain, transform those into the sequence domain, 
and then obtain a sequence-network representation. Also, find the expression for the 
fault current in phase a. 


Reconsider the synchronous generator of Problem 8.36. Obtain sequence-network 
representations for the following fault conditions. 

(a) A short-circuit between phases b and c. 

(b) A double line-to-ground fault with phases b and c-grounded. 


SECTION 8.6 


Three single-phase, two-winding transformers, each rated 450 MVA, 20 kV/288.7 kV, 
with leakage reactance Xeq = 0.12 per unit, are connected to form a three-phase bank. 
The high-voltage windings are connected in Y with a solidly grounded neutral. Draw 
the per-unit zero-, positive-, and negative-sequence networks if the low-voltage wind- 
ings aje connected: (a) in A with American standard phase shift, (b) in Y with an open 
neutral. Use the transformer ratings as base quantities. Winding resistances and excit- 
ing current are neglected. 


The leakage reactance of a three-phase, 500-MVA, 345 Y/23 A-kV transformer is 0.09 
per unit based.on its own ratings. The Y winding has a solidly grounded. neutral. 
Draw the sequence networks. Neglect the exciting admittance and assume American 
standard phase shift. 


Choosing system bases to be 360/24 kV and 100 MVA, redraw the sequence networks 
for Problem 8.39. 


Draw the zero-sequence reactance diagram for the power system shown in Figure 
3.33. The zero-sequence reactance of each generator and of the synchronous motor is 
0.05 per unit based on equipment ratings. Generator 2 1s grounded through a neutral 
reactor of 0.06 per unit on a 100-MVA, 18-kV base. The zero-sequence reactance of 
each transmission line is assumed to be three times its positive- sequence reactance. 
Use the same base as in Problem 3.29. 


Three identical Y-connected resistors of 1.0/0° per unit form a load bank, which is 
supplied from the low-voltage Y-side of a Y — A transformer. The neutral of the 
load is not connected to the neutral of the system. The positive- and negative-sequence 
currents flowing toward the resistive load are given by. 


Iai 1/4.5° per unit; 1,» = 0.25/250° per unit 

and the corresponding voltages on the low-voltage Y-side of the transformer are 
Van 1 = 1/45? per unit (Line-to-neutra] voltage base) 
V,2 = 0.25/ 250? per unit (Line-to-neutral voltage base) 


Determine the line-to-line voltages and the line currents in per unit on the high- 
voltage side of the transformer. Account for the phase shift. 


SECTION 8.7 


Draw the positive-, negative-, and zero-sequence circuits for the transformers shown 
in Figure 3.34. Include ideal phase-shifting transformers showing phase shifts deter- 
mined in Problem 3.32. Assume that all windings have the same kVA rating and that 
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8.44 


8.45 


8.46 


8.47 


8.48 


8.49 


the equivalent leakage reactance of any two windings with the third winding open is 
0.10 per unit. Neglect the exciting admittance. 


A single-phase three-winding transformer has the following parameters: Z| = Z? = 
Z3 = 0+ j0.05, G; = 0, and B,, = 0.2 per unit. Three identical transformers, as de- 
scribed, are connected with their primaries in Y (solidly grounded neutral) and with 
their secondaries and tertiaries in A. Draw the per-unit sequence networks of this 
transformer bank. 


SECTION 8.8 


For Problem 8.14, calculate the rea] and reactive power delivered to the three-phase 
load. 


A three-phase impedance load consists of a balanced-A load in parallel with a 
balanced-Y load. The impedance of each leg of the A load is Z4 = 6+ j6 Q, and 
the impedance of each leg of the Y load is Zy = 2+ j2 Q. The Y load is grounded 
through a neutral impedance Za = jl Q. Unbalanced line-to-ground source volt- 
ages Vag, Vig, and Vg with sequence components Vy = 10/60°, V, = 100/0°, and 
V; = 15/200° volts are applied to the load. (a) Draw the zero-, positive-, and negative- 
sequence networks. (b) Determine the complex power delivered to each sequence 
network. (c) Determine the tota] complex power delivered to the three-pbase load. 
For Problem 8.12, compute the power absorbed by the load using symmetrical córriz 
ponents. Then verify the answer by computing directly without using symmetrical 
components. 


For Problem 8.25, determine the complex power delivered to the load in terms of 
symmetrical components. Verify the answer by adding up the complex power of each 
of the three phases. 


Using the voltages of Problem 8.6(a) and the currents of Problem 8.5, compute the 
complex power dissipated based on (a) phase components, and (b) symmetrical com- 
ponents, 





CASE STUDY QUESTIONS 


A. What are the advantages of energy storage in electric utility systems? 





B. At what locations in a power system is battery energy storage most effective? 
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The converter switch yard at 
Bonneville Power 
Administrations Celilo 
Converter Station in The 
Dallas, OR, USA. This 
station converts ac power to 
HVDC for transmission of 
up 10 1,440 MW at —400 

KV over an 856-m16 bipolar 
line between the Dallas, OR 
and Los Angeles, CA 

(AP Photo] Rick Bowmer). 
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"UNSYMMETRICAL FAU LTS 


Short circuits occur in three-phase power systems as follows, in order of 
frequency of occurrence: single line-to-ground, line-to-line, double line-to- 
ground, and balanced three-phase faults. The path of the fault current may 
have either either zero impedance, which 1s called a bolted short circuit, or 
nonzero impedance. Other types of faults include one-conductor-open and 
two-conductors-open, which can occur when conductors break or when one 
or two phases of a circuit breaker inadvertently open. | 

Although the three-phase short circuit occurs the least, we considered it 
first, in Chapter 7, because of its simplicity. When a balanced three-phase 
fault occurs in a balanced three-phase system, there 1s only positive-sequence 
fault current; the zero-, positive-, and negative- SEEK networks are com- 
pletely uncoupled. 

When an unsymmetrical fault occurs in an otherwise balanced system, 
the sequence networks are interconnected only at the fault location. As such, 
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the computation of fault currents is greatly simplified by the use of sequence 
networks. 

As in the case of balanced three-phase faults, unsymmetrical faults 
have two components of fault current: an ac or symmetrical component— 
including subtransient, transient, and steady-state currents—and a dc com- 
ponent. The simplified E/X method for breaker selection described in Section 
7.5 is also applicable to unsymmetrical faults. The dc offset current need not be 
considered unless it is too large—for example, when the X/R ratio is too large. 

We -begin this chapter by using. the per-unit zero-, positive-, and 
negative-sequence networks to represent a three-phase system. Also, we make 
certain assumptions to simplify fault-current calculations, and briefly review 
the balanced three-phase fault. We present single line-to-ground, line-to-line, 
and double line-to-ground faults in Sections 9.2, 9.3, and 9.4. The use of the 
positive-sequence bus impedance matrix for three-phase fault calculations in 
Section 7.4 1s extended in Section 9.5 to unsymmetrical fault calculations by 
considering a bus impedance matrix for each sequence network. Examples 
using PowerWorld Simulator, which is based on the use of bus impedance 
matrices, are also included. The PowerWorld Simulator computes sym- 
metrical fault currents for both three-phase and unsymmetrical faults. The 
Simulator may -be used.in power system design to select, set, and -coordinate 
protective equipment. ; 





CASE STUDY when short circuits are not interrupted promptly, electrical fires and explosions can occur. 


To minimize the probability of electrical fire and explosion, the following are recommended: 


Careful design of electric power system layouts 

Quality equipment installation 

Power system protection that provides rapid detection and isolation of faults (see 
Chapter 10) 

Automatic fire-suppression systems 

Formal maintenance programs and inspection intervals 

Repair or retirement of damaged or decrepit equipment 


The following article describes inciderits at three U.S. utilities during the summer of 1990 


[8]. 


Fires at U.S. Utilities 
GLENN ZORPETTE 


Electrical fires in substations were the cause of 
three major midsummer power outages in the 


(“Fires ot U.S. Utilities" by Glenn Zorpette, © 199] IEEE. 
Reprinted, with permission, from IEEE Spectrum, 28, / 
(fan. 1991), p. 64.) 


United States, two on Chicago's West Side and one 
in New York City's downtown financial district. In 
Chicago, the trouble began Saturday night, July 28, 
with a fire in switch house No. | at the Common- 
wealth Edison Co,'s Crawford substation, according 
to spokesman Gary Wald. 


Some 40,000 residents of Chicago’s West Side 
lost electricity. About 25,000 had service restored 
within a day or so and the rest, within three days. 
However, as part of the restoration, Commonwealth 
Edison installed a temporary line configuration 
around the Crawford substation. But when a second 
fire broke out on Aug. 5 in a different, nearby sub- 
station, some of the protective systems that would 
have isolated that fire were inoperable because of 
that configuration. Thus, what would have been a 
minor mishap resulted in a one-day loss of power to 
25,000 customers—the same 25,000 whose elec- 
tricity was restored first after the Crawford fire. 

The New York outage began around midday on 
Aug. |3, after an electrical fire broke out in switch- 
ing equipment at Consolidated Edison's Seaport 
substation, a point of entry into Manhattan for five 
138-kilovolt transmission lines. To interrupt the 
flow of energy to the fire, Edison had to disconnect 
the five lines, which cut power to four networks 
in downtown Manhattan, according to Con Ed 
spokeswoman Martha Liipfert. 
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Power was restored to three of the networks 
within about five hours, but the fourth network, 
Fulton—which carried electricity to about 2400 
separate residences and 815 businesses—was out 
until Aug. 21. Liipfert said much of che equipment in 
the Seaport substation will have to be replaced, at 
an estimated cost of about $25 million. 

Mounting concern about underground electrical 
vaults in some areas was tragically validated by an 
explosion in Pasadena, Calif., that killed three city 
workers in a vault. Partly in response to the ex- 
plosion, the California Public Utilities Commission 
adopted new regulations last Nov. 21 requiring that 
utilities in the state set up formal maintenance pro- 
grams, inspection intervals, and guidelines for re- 
jecting decrepit or inferior equipment. “They have 
to maintain a paper trail, and we as a commission 
will do inspections of underground vaults and re- 
view their records to make sure they're maintaining 
their vaults and equipment in good order,” said Russ 
Copeland, head of the commission’s utility safety 
branch. 


SYSTEM REPRESENTATION 


A three-phase power system is represented by its sequence networks in 
this chapter.. The zero-, positive-, and negative-sequence networks of system 
components—generators, motors, transformers, and transmission lines—as 
developed in Chapter 8 can be used to construct system zero-, positive-, and 
negative-sequence networks. We make the following assumptions: 


1l. The power system operates under balanced steady-state condi- 
tions before the fault occurs. Thus the zero-, positive-, and negative- 
sequence networks are uncoupled before tbe fault occurs. During 
unsymmetrical faults they are interconnected only at the fault loca- 


tion. 


2. Prefault load current is neglected. Because of this, the positive- 
sequence internal voltages of all machines are equal to the pre- 
fault voltage Ve. Therefore, the prefault voltage at each bus in the 
positive-sequence network equals VF. 


3. Transformer winding resistances and shunt admittances are ne- 


glected. 


442 CHAPTER 9 UNSYMMETRICAL FAULTS 


FIGURE 9.1 


General three-phase bus 


4. Transmission-line series resistances and shunt admittances are ne- 
glected. 


5. Synchronous machine armature resistance, saliency, and saturation 
are neglected. 


6. All nonrotating impedance loads are neglected. 


7. Induction motors are either neglected (especially for motors rated 
50 hp or less) or represented in the same manner as synchronous 
machines. 


Note that these assumptions are made for simplicity in this text, and in 
practice should not be made for all cases. For example, in primary and sec- 
ondary distribution systems, prefault currents may be in some cases com- 


^ parable to short-circuit currents, and in other cases line resistances may 


significantly reduce fault currents. 

A]though fault currents as well as contributions to fault currents on the 
fault side of A-Y transformers are not affected by A-Y phase shifts, contri- 
butions to the fault from the other side of such transformers are affected by 
A-Y phase shifts for unsymmetrical faults. Therefore, we include A- Y puse 
shift effects in this chapter. - 

We consider faults at the general three-phase bus shown in Figure 9.1. 
Terminals abc, denoted the fault terminals, are brought out in order to make 
external connections that represent faults. Before a fault occurs, the currents 
Ia, I5, and J, are zero. 

Figure 9.2(a) shows general sequence networks as viewed from the fault 
terminals. Since the prefault system 1s balanced, these zero-, positive-, and 
negative-sequence networks are uncoupled. Also, the sequence components of 
the fault currents, Jo, 7/;, and L5, are zero before a fault occurs. The general 
sequence networks in Figure 9.2(a) are reduced to their Thévenin equivalents 
as viewed from the fault terminals in Figure 9.2(b). Each sequence network | 
has a Thévenin equivalent impedance. Also, the positive-sequence network 
has a Thévenin equivalent voltage source, which equals the prefault voltage 
Ve. 





FIGURE 9.2 


Sequence networks at a 
genera] three-phase bus 
in a balanced system 


EXAMPLE 9.1 


| _— FIGURE 9.3 9.3 


Single-line diagram for 
Example 9.1 
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Z. h 
Zero- 7 
sequence Vo 
network 
h, ZA h 
Positive- T j 
sequence Ve VA 
network ” S 
Z h 
lz 3 
Negative- d 
sequence V Vz 
network x » 
(a) General sequence networks (b) Thévenin equivalents as viewed 


from fault terminals 


Power-system sequence networks and their Thévenin equivalents 


A smgle-line diagram of the power system considered in Example 7.3 1s 
shown in Figure 9.3, where negative- and zero-sequence reactances are also 
given. The neutrals of the generator and A-Y transformers are solidly 
grounded. The motor neutral is grounded through a reactance X, = 0.05 per 
unit on the motor base. (a) Draw the per-unit zero-, positive-, and negative- 
sequence networks on a 100-MVA, 13.8-kV base in the zone of the generator. 
(b) Reduce the sequence networks to their Thévenin equivalents, as viewed 
from bus 2. Prefault voltage is Vp = 1.05/0° per unit. Prefault load current 
and A-Y transformer phase shift are neglected. 


PIE 





"E 


100 MVA - 
13.8 kV 100 MVA Mone - 
iN = 0.15 13.8-kV A/138-kV Y 138-kV Mun E 100 MVA 
X, = 0.17 X = 0.10 per unit X = 0.10 per unit — 455 kV 
X = 0.05 per unit X" = 0.20 
X2 = 0.21 
X = 0.10 


X, = 0.05 per unit 
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FIGURE 9.4 


Sequence networks for 
Example 9.1 


SOLUTION 


a. The sequence networks are shown in Figure 9.4. The positive-sequence 
network 1s the same as that shown in Figure 7.4(a). The negative-sequence 
network is similar to the positive-sequence network, except that there are 
no sources, and negative-sequence machine reactances are shown. A-Y 
phase shifts are omitted from the positive- and negative-sequence networks 
for this example. In the zero-sequence network the zero-sequence genera- 
tor, motor, and transmission-line reactances are shown. Since the motor 
neutral is grounded through a neutral reactance X,, 3X, is included in the 
zero-sequence motor circuit. Also, the zero-sequence A-Y transformer 
models are taken from Figure 8.19. 


b. Figure 9.5 shows the sequence networks reduced to their Thévenin equiv- 
alents, as viewed from bus 2. For the positive-sequence equivalent, the 
Thévenin voltage source is the prefault voltage Ve = 1.05/0° per unit. 


hiago lnia 





(a) Zero-sequence network 


hne! laiba 
— Jue i rà 
! j0.10 joio 2 
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(c) Negative-sequence network 


FIGURE 9.5 


Thévenin equivalents of 
sequence networks for 
Example 9.1 


EXAMPLE 9.2 
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{0.250 h 
4- 
Zo V 


Ve = 1.05 /0° 





(b) Positive-sequence network 


j0.14562 h 
FA T 
Vz 


(c) Negative-sequence network 


From Figure 9.4, the positive-sequence Thévenin impedance at bus 2 is 
the motor impedance 70.20, as seen to the right of bus 2, in parallel with 
J(0.15 4- 0.10 + 0.105 + 0.10) = j0.455, as seen to the left; the parallel 
combination is /0.20//j0.455 = j0.13893 per unit. Similarly, the negative- 
sequence Thévenin impedance is j0.21//j(0.17 + 0.10 + 0.105 + 0.10) = 
J0.21 // j0.475 = j0.14562 per unit. In the zero-sequence network of Figure 
9.4, the Thévenin impedance at bus 2 consists only of j(0.10 4- 0.15) = 
j0.25 per unit, as seen to the right of bus 2; due to the A connection of 
transformer T», the zero-sequence network looking to the left of bus 2 is 
open. =i 


Recall that for three-phase faults, as considered in Chapter 7, the fault 
currents are balanced and have only a positive-sequence component. There- 
fore we work only with the positive-sequence network when calculating three- 
phase fault currents. 


Three-phase short-circuit calculations using sequence networks 


Calculate the per-unit subtransient fault currents in phases a,b, and c for a 
bolted three-phase-to-ground short circuit at bus 2 in Example 9.1. 


SOLUTION ‘The terminals of the positive-sequence network in Figure 9.5(b) . 
are shorted, as shown in Figure 9.6. The positive-sequence fault current is 


\ 
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FIGURE 9.6 


Example 9.2: Bolted 


three-phase-to-ground 
fault at bus 2 


9.2 






+ Z, 
V; = 1.05 40° (~) 


ORLEA —j7.558 per unit 


| Zy 70.13893 
which 1s the same result as obtained in part (c) of Example 7.4. Note that 
since subtransient machine reactances are used in Figures 9.4-9.6, the current 
calculated above 1s the positive-sequence subtransient fault current at bus 2. 
Also, the zero-sequence current Jọ and negative-sequence current 7? are both 
zero. Therefore, the subtransient fault currents in each phase are, from 
(8.1.16), 


pl ofr 1 0 7.558/—90° 
I| =|1 a? a | | —77.558| = | 7.558/150° | per unit 
ale ed l xr @ 0 7.558/30° a 


The sequence components of the line-to-ground voltages at the fault 
terminals are, from Figure 9.2(b), l 


Vo 0i. tZ 0 Of} | Lo 
VWi-|Ygp|—-|0 Z 0 i (9.1.1) 
y» 0 0 0 Z| lh 


During a bolted three-phase fault, the sequence fault currents are J) = h = 0 
and 7, = Ve/Z); therefore, from (9.1.1), the sequence fault voltages are Vo = 
V; = V; =0, which must be true since Vag = Vig = Vig = 0. However, fault 
voltages need not be zero during unsymmetrical faults, which we consider 
next, 


SINGLE LINE-TO-GROUND FAULT 


Consider a single line-to-ground fault from phase a to ground at the general 
three-phase bus shown in Figure 9.7(a). For generality, we include a fault 


FIGURE 9,7 


Single line-to-ground 
fault 
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Fault conditions 
in phase domain: 


Vag = Zela 





Fault conditions 
in sequence domain: 
b=h=h 


32, 
i (Va + V, + V) = 324 





(b) Interconnected sequence networks 


impedance Zr. In the case of a bolted fault, Zr = 0, whereas for an arcing 
fault, Zr is the arc impedance. In the case of a transmission-line insulator 
flashover, Zr includes the total fault impedance between the line and ground, 
including the impedances of the arc and the transmission tower, as well as the 
tower footing if there are no neutral wires. l 

The relations to be derived here apply only to a single line-to-ground 
fault on phase a. However, since any of the three phases can be arbitrarily 
labeled phase a, we do not consider single line-to-ground faults on other 
phases. 

From. Figure 9.7(a): 


Fault conditions in phase domain | /, = I; = 0 (9.2.1) 
Single line-to-ground fault Vag = Zpla (9.2.2) 


We now transform (9.2.1) and (9.2.2) to the sequence domain. Using (9.2.1) 
in (8.1.19), | 
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| : 
h\i= 3 l a a 0| = 3 7 (9.2.3) 
I l a? 0 I, 


AJso, using (8.1.3) and (8.1.20) in (9.2.2), 
(h+ Vi + V3) 2 Ze(Jo th +h) | (9.2.4) 
From (9.2.3) and (9.2.4): 


Fault conditions in sequence domain | 7o = A = 2 (9.2.5) 
Single line-to-ground fault (Vo + Vi + V3) = (3Zg)fi 
| (9.2.6) 
Equations (9.2.5) and (9.2.6) can be satisfied by interconnecting the se- 
quence networks in series at the fault terminals through the impedance (3Zzg), 


as shown in Figure 9.7(b). From this figure, the sequence components of the 
fault currents are: 


VF 
I = I — I M re 32.9] 
: 104 Zot Zu Z+ BZ) —8 — 


Transforming (9.2.7) to the phase domain via (8.1.20), 
3Vg . 


Lelhhth+h=3h= Zot Zt Z GZA (9.2.8) 
Note also from (8.1.21) and (8.1.22), 

Ih — (Io-- a? c al) 2 (1 à? pagi 20 (9.2.9) 

I, = (Ig ah t+a’h)=(l1+a+a’)I, 30 (9.2.10) 


These are obvious, since the single line-to-ground fault is on phase a, not 
phase b or c. 

The sequence components of the line-to-ground voltages at the fault are 
determined from (9.1.1). The line-to-ground voltages at the fault can then be 
obtained by transforming the sequence voltages to the phase domain. 


EXAMPLE 9.3 Single line-to-ground short-circuit calculations using sequence 


networks 


Calculate the subtransient fault current in per-unit and in kA for a bolted 
single line-to-ground short circuit from phase a to ground at bus 2 in Exam- 
ple 9.1. Also calculate the per-unit line-to-ground voltages at faulted bus 2. 


SOLUTION The zero-, positive-, and negative-sequence networks in Figure 
9.5 are connected in series at the fault terminals, as shown in Figure 9.8. - 
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FIGURE 9.8 .j0.250 — b 


Example 9.3: Single line- 
to-ground fault at bus 2 


j0.13893 


j0.14562 h 





Since the short circuit 1s bolted, Zr = 0. From (9.2.7), the sequence currents 
are: 


z 1.05/0° — 
. j(0.25 + 0.13893 + 0.14562) 
1.05 


= 70.53455 = —j1.96427 per unit 


h=h=h 


From (9.2.8), the subtransient fault current is 
I; = 3(—1.96427) = — 75.8928 per unit 

The base current at bus 2 is 100/(13.8/3) = 4.1837 kA. Therefore, 
I” = (—75.8928)(4.1837) = 24.65/-90° kA 


From (9.1.1), the sequence components of the voltages at the fault are 


Vo 0 70.25 0 0 — j1.96427 
V|-|1050|—/| 0 7013893 0 ||-—j196427 
Ku «s © 0 0 j0.14562 | | —j1.96427 
—0.49107 
= | 077710 | perunit 
—0.28604 


Transforming to the phase domain, the line-to-ground voltages at faulted bus 
2 are 
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Vag 1 1 1 | | -0.49107 0 
Vig | = \1 d a 0.77710 | = | 1.179/231.3° | per unit 
Vig 1 a a?*| | —0.28604 1.179/128.7° 


Note that V,, = 0, as specified by the fault conditions. Also J,’ = I” = 0. 
Open PowerWorld Simulator case Example 9_3 to see an animated 
view of this example. The process for stmulating an unsymmetrical fault 1s 
almost identical to that for a balanced fault. That is, from the one-line, first 
right-click on the bus symbol corresponding to the fault location. This dis- 
plays the local menu. Select “Fault..” to display the Fault dialog. Verify that 
the correct bus is selected, and then set the Fault Type field to “Single Line- 
to-Ground." Finally, click on Calculate to determine the fault currents 
and voltages. The results are shown in the tables at the bottom of the dialog. 
Notice that with an unsymmetrical fault the phase magnitudes are no longer 
. identica]. The values can be animated on the one-line by changing the One- 
line Display field value. 


zal Power World Simulator PowerWarld. Simulator 7.0 OPF/ATC. Status: Paused 
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9.3 


LINE-TO-LINE FAULT 


Consider a line-to-line fault from phase b to c, shown in Figure 9.9(a). Again, 
we include a fault impedance Zp for generality. From Figure 9.9(a): 


Fault conditions in phase domain 1; —0 (9.3.1) 
Line-to-line fault ] p (9.3.2) 
Vig — Veg = Zf h (9.3.3) 


We transform (9.3.1)-(9.3.3) to the sequence domain. Using (9.3.1) and 
(9.3.2) in (8.1.19), i 


FIGURE 9.9 


Line-to-line fault 


Fault conditions 
in phase domain: 


1,20 


(Vag M Vag) = Zela 





Fault conditions 
in sequence domain: 





lo = 0 
h= -h 
{V, = Va) = Zel, 





(b) Interconnected sequence networks 
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EXAMPLE 9.4 


Io 1 1 1] 0 Ü 

2 | 2 
h|-i3|l aa Iy- |-—-|-8(a.— a^) (9.3.4) 
I, 1 425g — l; 1 (a? E a)l, 


Using (8.1.4), (8.1.5), and (8.1.21) in (9.3.3), 

(Vo +a? Vi +aV2) — (Vo + aV, -- a?V3) 2 Zp(lo +a°h +ah) (9.3.5) 
Noting from (9.3.4) that Jo = 0 and J, = —1, (9.3.5) simplifies to 

(a? —a)V, — (a? — a) Va = Zp(a* — a) 


or l 
Vi — Vo = Zeh (9.3.6) 
Therefore, from (9.3.4) and (9.3.6): | 
Fault conditions in sequence domain | Ih —0 (RT) 
Line-to-line fault h = =] (9.3.8) 
Vi — Və = Ze (9.3.9) 


Equations (9.3.7)—(9.3.9) are satisfied by connecting the positive- and 
negative-sequence networks in parallel at the fault terminals through the fault 
impedance Zr, as shown in Figure 9.9(b). From this figure, tbe fault currents 
are: : 


VE 
(Z| Z2 + Zr) 


Transforming (9.3.10) to the phase domain and using the identity (a? ~ a) = 
— j V3, the fault current in phase b is 


h=-h= Ip =0 (9.3.10) 


l =In+a7h t ab = (a? - a) 


= —j/3I, = a | (9.3.11) 
Note also from (8.1.20) and (8.1.22) that 
lL=hħh+hth=0 (9.3.12) 
and 
l= hb+al +h =(a-a’)h = -h (9.3.13) 


which verify the fault conditions given by (9.3.1) and (9.3.2). The sequence 
components of the line:to-ground voltages at the fault are given by (9.1.1). 


Line-to-line short-circuit calculations using sequence networks 


Calculate the subtransient fault current in per-unit and in kA for a bolted 
line-to-line fault from phase b to c at bus 2 in Example 9.1. 


FIGURE 9.10 


Example 9.4: Line-to- 
line fault at bus 2 


9.4 
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/0.13893 A 


j0.14562 


-— 
M ^o 


4- 
V; = 1.05 /o° (~) 





SOLUTION The positive- and negative-sequence networks in Figure 9.5 are 
connected in parallel at the fault terminals, as shown in Figure 9.10, From 
(9.3.10) with Zp = 0, the sequence fault currents are 


| 1.05/0* 
= — Oe... keen _ ss — a = 0° 
h=-h j(0.13893 + 0.14562) DO dee 


Ih =0 
From (9.3.11), the subtransient fault current in phase b ts 

I! = (—j/3)(3.690/ —90?) = —6.391 = 6.391/180° per unit 
Using 4.1837 kA as the base current at bus 2, 

Ij = (6.391/180°)(4.1837) = 26.74/180° kA 
Also, from (9.3.12) and (9.3.13), 

17-0 I” = 26.74/0° kA 


The line-to-line fault results for this example can be shown in Power- 
World Simulator by repeating the Example 9.3 procedure, with the exception 
that the Fault Type field value should be “Line-to-Line.”’ E 


DOUBLE LINE-TO-GROUND FAULT 


A double line-to-ground fault from phase b to phase c through fault imped- 
ance Zr to ground is shown in Figure 9.11(a). From this figure: 


Fault conditions in the phase domain ) 7/4 = 0 (9.4.1) 
Double line-to-ground fault Veg = Vog (9.4.2) 
Vig = Zr(Js + I) (9.4.3) 


Transforming (9.4.1) to the sequence domain via (8.1.20), 

Ip +h +l, =0 (9.4.4) 
Also, using (8.1.4) and (8.1.5) in (9.4.2), 

(Vo + aV, +a? V2) = (Vo +a? Vj + aV3) 


454 CHAPTER 9 UNSYMMETRICAL FAULTS 


FIGURE 9.11 


Double line-to-ground 


fault — 
Fault conditions 


in phase domain: 
i, 20 


Vig = Vag = Zell + be) 





"rm 15 Fault conditions 
Ret hh +h = 0 
Vy - V, = (BZe)/, 


VY, = ^ 





(b) Interconnected sequence networks 


Simplifying: 
(a? — a) Vn = (a? — a) V; 
or 
Vn = Vi í 
Now; using (8.1.4), (8.1.21), and (8.1.22) in (9.4.3), 
(Vo 4- a?Vj -- aV?) = Zp(Io + a’?h +ah 4- Io + ah +a*h) 
Using (9.4.5) and the identity a? + a = —1 in (9.4.6), 
(Vo — Vi) = ZeQIo - fi — h) 
From (9.4.4), Io = —(I, + D); therefore, (9.4.7) becomes 
Vo — Vi = (3Zf Mo 
— From (9.4.4), (9.4.5), and (9.4.8), we summarize: 
Fault conditions in the sequence domain | Ip+h+h =0 
Double line-to-ground fault V = V, 
Vo —- Y, = BZp 


in sequence domain: 


(9.4.5) 


(9.4.6) 


(9.4.7) 


(9.4.8) 


(9.4.9) 


(9.4.10) 
(9.4.11) 


EXAMPLE 9.5 


FIGURE 9.12 


Example 9.5: Double 


line-to-ground fault at 
bus 2 


SECTION 9.4 DOUBLE LINE-TO-GROUND FAULT 455 


Equations (9.4.9)-(9.4.11) are satisfied by connecting the zero-, positive-, and 
negative-sequence networks in parallel at the fault terminal; additionally, 
(3Zp) is included in series with the zero-sequence network. This connection is 
shown in Figure 9.11(b). From this figure the positive-sequence fault current 
Is 


Ve Ve 
(| SS a | ou 9.4.12 
Es Zl Zope Ea Zi(Zo + zn ( ) 
Z + Zo + 3Zp 


Using current division in Figure 9.11(b), the negative- and zero-sequence 
fault currents are 


Zo t 3Zr 
CEU A em dae: LATUM cmm 9.4.13 
h (ie) ( ) 
Z . 
(ee 9.4.14 
o-( terms | 


These sequence fault currents can be transformed to the phase domain via 
(8.1.16). Also, the sequence components of the line-to-ground voltages at the 
fault are given by (9.1.1). 


Double line-to-ground short-circuit calculations using sequence 
networks 


Calculate (a) the subtransient fault current in each phase, (b) neutral fault 
current, and (c) contributions to the fault current from the motor and from 
the transmission line, for a bolted double line-to-ground fault from phase b 
to c to ground at bus 2 in Example 9.1. Neglect the A- Y transformer phase 
shifts. 


SOLUTION 

a. The zero-, positive-, and negative-sequence networks in Figure 9.5 are 
connected in parallel at the fault terminals in Figure 9.12. From (9.4.12) 
with Zr — 0, 


j0.13893 h 


Ve = 
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f 1.05/0° 1.05/0° 

|= DOOR US 
: (0.14562)(0.25)| - 0.23095 
J [0.13893 * 0.14562 + 0.25 


= —j4.5464 per unit 
From (9.4.13) and (9.4.14), 


0.25 + 0.14562 


0.14562 
0.25 4- 0.14562 


Transformmg to the domain, the subtransient fault currents are:. 


0.25 
I, = (414 5464) (sg )- j2.8730 per unit 


Ip = (+ 14.5468) (sa S = j1.6734 per unit 


D k A | [41.6734 
1?|-|1 a? a| | —j4.5464 6. -— 158.66°| per unit 
i 1 a a?| | +/2.8730 6.8983 /21.34° 

Using the base current of 4.1837 kA at bus 2 
51 HB anew A J PIRE: NT: E 
Ij | = | 6.8983/158.66° | (4.1837) = | 28.86/158.66° | kA 
I” 6.8983/ 21.34? 28.86/ 21.34? 


. The neutral fault current 1s 
I, = (I5 + I”) = 31g = 75.0202 per unit 
= (j5.0202)(4.1837) = 21.00/90° kA 
Neglecting A-Y transformer phase shifts, the contributions to the fault 
current from the motor and transmission line can be obtained from Fig- 
ure 9.4. From the zero-sequence network, Figure 9.4(a), the contribution 
to the zero-sequence fault current from the line is zero, due to the trans- 
former connection. That is, 
lineo = 0 
Imotord = Jo = 71.6734 per unit 
From the positive-sequence network, Figure 9.4(b), the positive ter- 
minals of the internal machine voltages can be connected, since Ey = Ep 
Then, by current division, 
x 
lüne| = SF ST! 
ine XL (XI Xn + Xii + Xn) | 
E 0.20 ( 
.. 0.20 + (0.455) 
|... 0.455 
motor 0.20 + 0.455 


— j4.5464) = — j1.3882 per unit 


I (—j4.5464) = —j3.1582 per unit 


EXAMPLE 9:6 
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From the negative-sequence network, Figure 9.4(c), using current di- 
Vision, 


0.21 TRO 
Tusce 021-0475 42.5730) = j0.8808 per unit 
475 
A 0475 __ (#9 8730) = j1.9922. per unit 


Olen :50:475 


Transforming to the phase domain with base currents of 0.41837 kA for 
the line and 4.1837 kA for the motor, 


ree] i 0] 
ias l a^ a| | —/1.3882 
[/ 1 a a^|| 0.8808 


line c 


0.5074/ —90? 
1.9813/172.643° | per unit 
1.9813/7.357° 


0.2123/ —90^ 
0.8289/172.643° | kA 


| 0.8289/7.357° 

ae 1 1 1 || 1.6734 
|l a* a — j3.1582 
1 a a^|| 19922 


0.5074/90° 
4.9986/ 153.17? per unit 
4.9986/ 26.83? 


2:123790* 
20.91/153.17° | kA 
20.91/26.83° 


The double line-to-line fault results for this example can be shown 
in PowerWorld Simulator by repeating the Example 9.3 procedure, with 
the exception that the Fault Type field value should be “Double Line-to- 
Ground.” M 


H 
motor b | Z 


I^ 


motor c 


1 


Effect of A-Y transformer phase shift .on fault currents 


Rework Example 9.5, with the A-Y transformer phase shifts included. As- 
sume American standard phase shift. 


SOLUTION The sequence networks of Figure 9.4 are redrawn in Figure 9.13 


with ideal phase-shifting transformers representing A-Y phase shifts. In ac- 
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FIGURE 9.13 


/0.05 


hineo Larue 
——— c EM 





(a) Zero-sequence network 


] line! i motori 
———Éá ' a ——M 





r= de ee 


(b) Positive-sequence network 


line b tar 
Ifi j0.10 - jO. 30,55 2 








j0.21 





1: eno 


(c) Negative-sequence network 


Sequence networks for Example 9.6 


cordance with the American standard, positive-sequence quantities on the 
high-voltage side of the transformers lead their corresponding quantities on 
the low-voltage side by 30°. Also, the negative-sequence phase shifts are the 
reverse of the positive-sequence phase shifts. . 


a. Recall from Section 3.1 and (3.1.26) that per-unit'umpedànce is unchanged 


when it is referred from one side of an ideal phase-shifting transformer to 
the other. Accordingly, the Thévenin equivalents of the sequence networks 
in Figure 9.13; as viewed from fault bus 2, are the same as those given 
in Figure 9.5. Therefore, the sequence components as well as the phase 
components of the fault currents are the same as those given in Example 
. 9.5(a). g 
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b. The neutral fault current 1s the same as that given in Example 9.5(b). 


c. The zero-sequence network, Figure 9.13(a), 1s the same as that given in 
Figure 9.4(a). Therefore, the contributions to the zero-sequence fault cur- 
rent from the line and motor are the same as those given in Example 
9. 5(c). E NE | 


lige 9 = 0. Los = Zo Sg 6734 per unit 


The contribution to the positive-sequence fault current from the line . 
in Figure 9.13(b) leads that in Figure 9.4(b) by 30°. That is, 


Nine ) = (—71.3882)(1/30°) = 1.3882/ —60^ per unit 
Imotor | = ~j/3.1582 per unit 


Similarly, the contribution to the negative-sequence fault current 
from the line in Figure 9.13(c) lags that in Figure 9.4{c) by 30°. That is, 


Nine 2 = (j0-8808) (1/—30°) = 0.8808/60° per unit 


Thus, the sequence currents as well as the phase currents from the motor 
are the same as those given in Example 9.5(c). Also, the sequence currents 
from the line have the same magnitudes as those given in Example 9.5(c), 
but the positive- and negative-sequence line currents are shifted by 4-30? 
and —30°, respectively. Transforming the line currents to the phase do- 
main: 


Dea I J I 0 : 
ep | = |i a a | | 1.3882/—60° 
Tine c 1 a a?}| 0.8808/60° 


1.2166/—21.17° 
2.2690/ 180° per unit 
1.2166/21.17° 


0.5090/ —21.17° 
0.9492/ 180° kA 


0.5090/21.17° 


In conclusion, A-Y transformer phase shifts have no effect on the fault 
currents and no effect on the contribution to the fault currents on the fault 
side of the A-Y transformers. However, on the other side of the A-Y trans- 
formers, the positive- and negative-sequence components of the contributions 
to the fault currents are shifted by --30?, which affects both the magnitude as 
well as the angle of the phase components of these fault contributions for un- 
symmetrical faults. > 2 C 


Il 
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| Single line- Double line- $ 
Three-phase | to-ground Line-to-line to-ground | 
fault through | fault through | fault through | fault through | One-conductor-| Two-conductors- 
Z to ground | 2 | o£ Zr open open 









Phase domain 
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FIGURE 9.14 Summary of faults 


Figure 9.14 summarizes the sequence network connections for both 
the balanced three-phase fault and the unsymmetrical faults that we have 
considered. Sequence network connections for two additional faults, one- 
conductor-open and two-conductors-open, are also shown in Figure 9.14 and 
are left as an exercise for you to verify (see Problems 9.26 and 9.27). 


9.5 


SEQUENCE BUS IMPEDANCE MATRICES 





We use the positive-sequence bus impedance matrix in Section 7.4 for calcu- 
lating currents and voltages during balanced three-phase faults. This method 
is extended here to unsymmetrical faults by representing each sequence net- 
work as a bus impedance equivalent circuit (or as a rake equivalent). A bus 
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impedance matrix can be computed for each sequence network by inverting 
the corresponding bus admittance network. For simplicity, resistances, shunt 
admittances, nonrotating impedance Joads, and prefault load currents are 
neglected. 

Figure 9.15 shows the connection of sequence rake equivalents for both 
symmetrical and unsymmetrical faults at bus n of an N-bus three-phase 
power system. Each bus impedance element has an additional subscript, 0, 1, 
or 2, that identifies the sequence rake equivalent in which it 1s located. Mu- 
tual impedances are not shown in the figure. The prefault voltage Vp is in- 


: 2 o T 
^» t4. EN ciN EN 
ds. eo -W 
Ineo 
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(b) Single line-to-ground fault (c) Line-to-ine fault 





(d) Double line-to-ground fault 


FIGURE 9.15 Connection of rake equivalent sequence networks for three-phase system faults 
(mutual impedances not shown) 
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EXAMPLE 9.7 


cluded in the positive-sequence rake equivalent. From the figure the sequence 
components of the-fault current for each type of fault at bus n are as follows: 


Balanced three-phase fault: 





Ve 
n-] = 9.5. 
I "EO (9.5.1) 
NER P (ee (9.5.2) 
Single line-to-ground fault (phase a to ground): 
Ve 
1,9 L,-1 = l-2 = > 9.5.3 
ES Ein t Zu + Zina + 3Zr ee 
Line-to-line fault (phase b to c): 
: Ve 
L-) = -i,-2 = >_> 9.5.4 
id: Ret Znn-| + Znn-2 T Zr 
L9 0 (9.5.5) 
Doubie line-to-ground fault (phase b to c to ground): - | 
Vp 
hh-) = 9.5.6 
Z + gefa T 3Zr) | 
et Znn-2 n Znn—-0 2H 3Zr 
: Zun-0 F 3Zp 
f,-2 = (—h-a)| Z——————— 7 9.5.7 
: ( i) z 3ZF + —) ) 
D E oy Mu te ect 9.5.8 
1) tur F 3 ZF + Znn-2 


Also from Figure 9.15, the sequence components of the line-to-ground volt- 
ages at any bus & during a fault at bus n are: 


Vk-0 0 Zkn-0 0 0 Io 
poses Vee. cem ese 7308 d dese (9.5.9) 
V2 0 0 OO -Zima | di? 


. If bus & is on the unfaulted side of a A-Y transformer, then the phase angles 


of Vi; and Ve_2 in (9.5.9) are modified to account for A~Y phase shifts. 
Also, the above sequence fault currents and sequence voltages can be trans- 
formed to the phase domain via (8.1.16) and (8.1.9). 


Single line-to-ground short-circuit calculations using. 
Zbus 0; Lous ls and Lous? 


Faults at buses 1 and 2 for the three-phase power system given in Example 
9.1 are of interest. The prefault voltage is 1.05 per unit. Prefault load cur- 
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rent is neglected. (a) Determine the per-unit zero-, positive-, and negative- 
sequence bus impedance matrices. Find the subtransient fault current in per- 
unit for a bolted single line-to-ground fault current from phase a to ground 
(b) at bus 1 and (c) at bus 2. Find the per-unit line-to-ground voltages at (d) 
bus | and (e) bus 2 during the single line-to-ground fault at bus 1. 


SOLUTION 
a. Referring to Figure 9.4(a), the zero-sequence bus admittance matrix is 


| E | | 
Ybuso —J per unit 
0 4 


Inverting Fou, 


! B: 0 | 
Zani =] per unit 
0 0.25 | 


Note that the transformer leakage reactances and the zero-sequence 
transmission-line reactance in Figure 9.4(a) have no effect on Zpus0. The 
transformer A connections block the flow of zero-sequence current from 
the transformers to bus 1 and 2. ^ l 

The positive-sequence bus admittance matrix, from Figure 9.4(b), is 


| 9.9454 M 
Yous y = -J per unit 
eaa ENCE P 


Inverting Y. } 


- 1 0.11565. | 0.04580] ` i 
lws = J . per unit 
0.04580 0.13893 


Similarly, from Figure 9.4(c) 


| 9.1611 cid 
Yous 2 = +j — 
—3.2781 8.0406 


Inverting Y$4 2, 


| [om icd — 
Lino = J per unit 
0.05212 0.14562 


b. From (9.5.3), with n = 1 and Zp = 0, the sequence fault currents are 
:] | a 
Zu-o+ Zi- + Zu 
:1.05/0* s X5 
~7(0.05 + 0:11565 + 0.12781)  j0.20346 


ho =hp=ho= 


—j3.578 per unit 
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The subtransient fault currents at bus | are, from (8.1.16), 


I". E Xx d fes] [-j10.73 
| | de ae eJ3.578| = 0 per unit 
I 1 a a*| | —j3.578 0 


. e. Again from (9.5.3), with n = 2 and Zp = 0, 
Ve 
222-0 Zn. Zn 


" 1.05/0° |. 1.05 
. (0.25 + 0.13893 + 0.14562) — j0.53455 


h-o = h- = h- = 


= —j1.96427 per unit 


and 
ESTEE AEA L0 eae P DINE IBI EES AREA RSS IR P238 E i 
I| =]|1 a? a || —j1.96427] = 0 per unit 
L. 1 a a*||-/1.96427 0 


This is the same result as obtained in Example 9.3. 


d. The sequence components of the line-to-ground voltages at bus 1 during . 
the fault at bus | are, from (9.5.9), with k = I and n = 1, | 


Vio © 0 70.05 0 O | | ~73.578 
Vi, | =|1.05/0°|-—| 0 0.11565 0 — 3.578 
Viz) | 0 0 0 j0.12781 | | — 73.578 
—0.1789 
=| 0.6362 | per unit 
-04573| 


and the line-to-ground voltages at bus | during the fault at bus | are 


Vi-ag l l I —0.1789 - 
Vi-5g =|] 2 a | +0.6362 
Vi-cg ] a a?||-—04573 
0 


| 0:9843/254.2?2 | per unit 
0.9843/ 105.8? 


| 


TABLE 9.1 


Synchronous machine 
data for Example 9.8 
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e. The sequence components of the line-to-ground voltages at bus 2 during 
the fault at bus 1 are, from (9.5.9), with k = 2 and n = 1, 


V5.9 0 0 0 0 — 3.578 
V); | = | 1.05/0° | — | 0 70.04580 0 — 3.578 
Y, 0 0 0 j0.05212 | | —73.578 
| 0 
= | 0.8861 per unit 
—0.18649 


Note that since both bus 1 and 2 are on the low-voltage side of the A-Y 
transformers in Figure 9.3, there is no shift in the phase angles of these 
sequence voltages. From the above, the line-to-ground voltages at bus 2 
during the fault at bus 1 are 


- 


V, a; I 1 d 0 
Voog|=|1 a? a|] 0.8861 
Vo_cg ] a at —0.18649 
0.70 
= | 0.9926/249.4° | per unit 
0.9926/110.6° E 


PowerWorld Simulator computes the symmetrical fault current for each 
of the following faults at any bus in an N-bus power system: balanced three- 
phase fault, single line-to-ground fault, line-to-line fault, or double line-to- 
ground fault. For each fault, the Simulator also computes bus voltages and 
contributions to the fault current from transmission lines and transformers 
connected to the fault bus. 

Input data for the Simulator include machine, transmission-line, and 
transformer data, as illustrated in Tables 9.1, 9.2, and 9.3 as well as the 
prefault voltage Ve and fault impedance Zp. When the machine positive- 
sequence reactance input data consist of direct axis subtransient reactances, 
the computed symmetrical fault currents are subtransient fault currents. Al- 
ternatively, transient or steady-state fault currents are computed when these 


Xo X =X; X Neutral Reactance X, 
Bus per unit per unit ` per unit per unit 
l 0.0125 0.045 0.045 0 


3 0.005 ` 0.0225 0.0225 0.0025 
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TABLE 9.2 Xo Xi 
-to-B i it 
Line data for Example ee ee c. DERI, 
9.8 2.4 0.3 0.1 
2-5 0.15. 0.05 
4-5 0.075 0.025 
TABLE 9,3 Low-Voltage High-Voltage 
Transf eee (connection) (connection) . Leakage Reactance Neutral Reactance 
AS bes 58 bus bus per unit per unit 
1 (A) 5 (Y) 0.02 0 
3 (A) 4 (Y) 0.01 0 


Spase = 100 MVA 
Vea 15 kV at buses 1, 3 
base 7 | 345 kV at buses 2, 4, 5 


input data consist of direct axis transient or synchronous reactances. Trans- 

E ica mission-line positive- and zéro-sequerice séries reactancés are those of the ^ 
equivalent z circuits for long lines or of the nominal z circuit for medium or 
short lines. Also, recall that the negative-sequence transmission-line reactance 
equals the positive-sequence transmission-line reactance. All machine, line, 
and transformer reactances are given in per-unit on a common MVA base. 
Prefault load currents are neglected. 

The Simulator computes (but does not show) the zero-, positive-, and 
negative-sequence bus impedance matrices Zpys0;Zbus1, and Zpus2, by in- 
verting the corresponding bus admittance matrices. 

After Zts0, Zbus1, and Zpus2 are computed, (9.5.1)-(9.5.9) are used to 
compute the sequence fault currents and the sequence voltages at each bus 
during a fault at bus | for the fault type selected by the program user (for ex- 
ample, three-phase fault, or single line-to-ground fault, and so on). Con- 
tributions to the sequence fault currents from each line or transformer branch 
connected to the fault bus are computed by dividing the sequence voltage 
across the branch by the branch sequence impedance. The phase angles of 
positive- and negative-sequence voltages are also modified to account for 
A-Y transformer phase shifts. The sequence currents and sequence voltages 
are then transformed to the phase domain via (8.1.16) and (8.1.9). All these 
computations are then repeated for a fault at bus 2, then bus 3, and so on to 
bus N. ! 

Output data for the fault type and fault impedance selected by the user 
consist of the fault current in each phase, contributions to the fault current 
from each branch connected to the fault bus foreach phase, and the line-to- 
ground voltages at each bus—for a fault at bus 1, then bus 2, and so on to 
bus N. 
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EXAMPLE 9.8 PowerWorld Simulator 


TABLE 9.4 


Fault currents for 
Example 9.8 


Consider the five-bus power system whose single-line diagram is shown in 
Figure 6.2. Machine, line, and transformer data are given in Tables 9.1, 9.2, 
and 9.3. Note that the neutrals of both transformers and generator. l are 
scudly grounded, as indicated by a neutral reactance of zero for these equip- 
ments. However, a neutral reactance = 0.0025 per unit is connected to the 
generator 2 neutral. The prefault voltage is 1.05 per unit. Using PowerWorld 
Simulator, determine the fault currents and voltages for a bolted single line- 
to-ground fault at bus 1, then bus 2, and so on to bus 5. 


SOLUTION Open PowerWorld Simulator case Example 9.8 to see an ani- 
mated view of thus example. Tables 9.4 and 9.5 summarize the PowerWorld 
Simulator results for each of the faults. Note that these fault currents are sub- 
transient currents, since the machine positive-sequence reactance input con- 
sists of direct axis subtransient reactances. 


Contributions to Fault Current ` , 


Single 
Line-to-Ground GEN | Current 
Fault Current LINE Phase A Phase B Phase C 
Fault (phase À) OR Bus-to- 
Bus per unit/degrees — TRSF Bus per unit/degrees 
] 46.02/—90.00 G) GRND-1  2344l/ 5.804/ 5.804/ 
$ —90.00 —90.00 —90.00 
T! 5-1 11.61/ 5.804/ .  5.804/ 
—90.00 "90.00 : 90.00 
2 14.14/—90.00 E 4-2 5.151/ 0.1124/ 0.1124/ 
—90.00 90.00 90.00 
L2 5-2 8.984/ 0.1124/ 0.1124/ 
—90.00 —90.00 — 90.00 
3 64.30/—90.00 G2 GRND-3 56.19/ 4.055/ ~ 4.055/ 
—90.00 —90.00 —90.00 
T2 4-3 8.110/ 4.055/ 4.055/ 
—90.00 90.00 90.00 
4 56.07/—90.00 Li 2-4 1.742] 0.4464/ 0.4464/ 
—90.00 90.00 90.00 
L3 5-4 10.46/ 2.679/ 2.679/ 
—90.00 90.00 00.00 
T2 3-4 43.88/ 3.125/ 3.125/ 
—90.00 —90.00 —90.00 
5 42.16/—90.00 L2 2-5 2.621/ 0.6716/ 0.6716/ 
—90.00 90.00 90.00 
L3 4-5 15.72] 4.029/ 4.029/ 
! —90.00 90.00 90.00 ` 
TI 1-5 23.82/ 4.700/ 4.700/ 
—90.00 —90.00 —90.00 
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PROBLEMS 


TABLE 9.5 Vorefaue = 1.05 20 Bus Voltages during Fault 
Bus voltages for — Fault Bus Bus Phase A Phase B Phase C 
Example 9.8 
1 l 0.0000 2 0.00 0.9537 Z —107.55 0.9537 1107.55 
2 0.5069 £0.00 0.9440 2 —105.57 0.9440 2 105.57 
3 0.7888 4 0.00 0.99122 —113.45 0.9912 £ 113.45 
4 0.6727 4 0.00 0.9695 ; —1 10.30 0.9695 ; 110.30 
5! 0.4239 7.0.00 0.9337 £ —103.12 0.9337 ; 103.12 
2 1 0.8832 2.0.00 1.0109 7 —115.90 1.0109 4 115.90 
2 0.0000 7. 0.00 1.1915 £ —130.26 1.1915 2 130.26 
3 0.9214 4 0.00 1.01947 —116.87 1.0194 7 116.87 
4 0.8435 4 0.00 1.0158 2 —116.47 1.0158 £ 116.47 
5 0.7562 4.0.00 1.0179 4 2116.70 1.0179 £ 116.70 
3 l 0.6851 2 0.00 0.9717 2 —110.64 0.9717 £110.64 
9 0.4649 ; 0.00 0.9386 / —104.34 0.9386 Z 104.34 
3 0.0000 7 0.00 0.9942 £ —113.84 0.9942 / 113.84 
4 0.3490 4 0.00 0.9259 ; — 100.86 0.9259 7 100.86 
5 0.5228 4 0.00 0.9462 £ —106.04 0.9462 7. 106.04 
4 l 0.5903 2.0.00 0.9560 7. — 107.98 0.9560 ; 107.98 
ae 0.230920.00 0.94012 —104.70 (0.94012. 104.70 © 
7 3 0.4387 7 0.00 0.93354; —103.56 0.9354, 103.56 
4 0.0000 2 0.00 0.9432 7 —105.41 0.9432 7 105.41 
5 0.3463 7.0.20 0.9386 Z —104.35 0.9386 ; 104.35 
5 I 0.4764 1.0.00 0.9400 7 —104.68 0.9400 /. 104.68 
2 0.1736 7.0.00 0.9651 4. —109.57 0.9651 £ 109.57 
3 0.7043 2 0.00 . 0.9751 L —111.17 0.9751 4 111.17 
4 0.5209 7 0.00 0.9592; —108.55 0.9592 ; 108.55 
5 0.0000 7.0.00 0.9681 7. —110.07 0.9681 7. 110.07 
E] 


SECTION 9.1 


9.1 The single-line diagram of a three-phase power system is shown in Figure 9.16. 
Equipment ratings are given as follows: | 


Synchronous generators: 


G1 1000 MVA 15 kV Xj = X2 = 0.18, Xo = 0.07 per unit 
G2 1000 MVA 15 kV Xj = X2 = 0.20, Xo = 0.10 per unit 
G3 500 MVA 13.8 kV Xj =X: = 0.15, Xo = 0.05 per unit 
G4 750 MVA  13.8kV X” =0.30,Xz = 0.40, Xo = 0.10 per unit 


FIGURE 9.16 


Problem 9.1 


9.2 


9.3 


9.4 
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Transformers: 

TI 1000 MVA 15 kV A/765 kV Y X = 0.10 per unit 
T2 1000 MVA 15 kV A/765 kV Y X = 0.10 per unit 
13 500 MVA 15 kV Y/765 kV Y X — 0.12 per unit 
T4 750 MVA 15 kV Y/765 kV Y X = 0.11 per unit 


Transmission lines: 

1-2 765kV X; = 509, X9 21500 
1-3 765kV — X; = 402, X5 = 1002 
2-3 765kV | Xi = 40, X5 = 1002 


The inductor connected to generator 3 neutral has a reactance of 0.05 per unit using 
generator 3 ratings as a base. Draw the 2ero-, positive-, and negative-sequence react- 
ance diagrams using a 1000-MVA, 765-kV base in the zone of line 1—2. Neglect the 
A—Y transformer phase shifts. 


Faults at bus n in Problem 9.1 are of interest (the instructor selects 7 = 1,2. or 3). 
Determine the Thévenin equivalent of each sequence network as viewed from the fault 
bus. Prefault voltage is 1.0 per unit. Prefault load currents and A-Y transformer phase 
shifts are neglected. (Hint: Use the Y—A conversion in Figure 2.27.) 


. Determine the subtransient fault current in per-unit and in kA during a bolted three- 


phase fault at the fault bus selected in Problem 9.2. 
Equipment ratings for the four-bus power system shown in Figure 7.10 are given as 
follows: 


Generator Gl: 500 MVA, 13.8 kV, X} = X3 = 0.20, Xo = 0.10 per unit 

Generator G2: 750 MVA, 18 kV, X% = X5 = 0.18, Xo = 0.09 per unit 

Generator G3: 1000 MVA, 20 kV, X4 20.17, X: 20.20, X; —0.09 per 
unit 

Transformer Tl: 500 MVA, 13.8 kV A/500 kV Y, X — 0.12 per unit 

Transformer T2: 750 MVA, 18 kV A/500 kV Y, X = 0.10 per unit 

Transformer T3: 1000 MVA, 20 kV 4/500 kV Y, X = 0.10 per unit 

Each line: X, = 50 ohms, X, = 150 ohms 
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-The inductor connected to generator G3 neutral has a reactance of 0.028 Q. Draw the 
zero-, positive-, and negative-sequence reactance diagrams using a 1000-MVA, 20-kV 
base in the zone of generator G3. Neglect A-Y transformer phase shifts. 


9.5 Faults at bus n in Problem 9.4 are of interest (the instructor selects n = 1,2,3, or 4). 
Determine the Thévenin equivalent of each sequence network as viewed from the fault 
bus. Prefault voltage is 1.0 per unit. Prefault load currents and A-Y phase shifts are 
neglected. 


9.6 Determine the subtransient fault current in per-unit and in kA during a bolted three- 
phase fault at the fault bus selected in Problem 9.5. 


9.7 Equipment ratings for the five-bus power system shown in Figure 7.11 are given a 
follows: 


Generator GI: 50 MVA, 12 kV, X% = X; = 0.20, Xo = 0.10 per unit 
Generator G2: 100 MVA, 15 kV, X7 = 0.2, X; = 0.23, Xo = 0.1 per unit 
Transformer T1: 50 MVA, 10 kV Y/138 kV Y, X = 0.10 per unit 
Transformer T2: 100 MVA, 15 kV A/138 kV Y, X = 0.10 per unit 
Each 138-kV line: X, = 40 ohms, X, = 100 ohms 
Draw the zero-, positive-, and negative-sequence reactance diagrams using a 100- 
MVA, 15-kV base in the zone of generator G2. Neglect A-Y transformer phase shifts. — 


9.8 Faults at bus n in Problem 9.7 are of interest (the instructor selects n = 1, 2, 3, 4, or 5). 
Determine the Thévenin equivalent of each sequence network as viewed from the fault 
bus. Prefault voltage is 1.0 per unit. Prefault load currents and A-Y phase shifts are 
neglected. 


9.9 Determine the subtransient fault current in per-unit and in kA during a bolted three- . 
phase fault at the fault bus selected 1n Problem 9.8. 


9.10 Consider the system shown in Figure 9.17. (a) As viewed from the fault at F, deter- 
mine the Thévenin equivalent of each sequence network. Neglect A-Y phase shifts. (b) 
Compute the fault currents for a balanced three-phase fault at fault point F-through 
three fault impedances Zea = Zrp = Zrc = J0.5 per unit. Equipment data in per-unit 
on the same base are given as follows. 


Synchronous generators: 

Gl X202 X», = 0.12 Xo — 0.06 
G2 X, = 0.33 X5 = 0.22 Xo = 0.066 
Transformers: 

Tl X, = X, = Xo = 0.2 

12 X, = X;.2 Xo = 0.225 

T3  Xı =X = Xp = 0.27 

T4 Xj = X: = Xp = 0.16 

Transmission lines: 

LI X;2X42014 Xp =03 

LI X =a = 0:35 Xo = 0.6 


FIGURE 9.17 
Problem 9.10 


FIGURE 9.18 
Problem 9.11 
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Equipment ratings and per-unit reactances for the system shown in Figure 9.18 are 
given as follows: 

Synchronous generators: 

Gi 100 MVA 25 kV X, = KX, = 0.2 Xo = 0.05 

G2 100 MVA 13.8 kV Rye -—D2 Xo = 0.05 


Transformers: 
T1 100 MVA 25/230 kV X; = X, = Xp = 0.05 
T2 100 MVA 13.8/230 kV Xı = X, = Xo = 0.05 


Transmission lines: 

TLI2 100 MVA 230 kV X=X=0.1 Xo = 0.3 
TL13 100 MVA . 230XV X=X=01 Xo = 0.3 
TL23 100 MVA 230kV | X| = X) = 0.1 Xo = 0.3 


Using a 100-MVA, 230-kV base for the transmission lines, draw the per-unit sequence 
networks and reduce them to their Thévenin equivalents, “looking in” at bus 3. Ne- 
glect A- Y phase shifts. Compute the fault currents for a bolted three-phase fault at 
bus 3. 


j0.03 
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9.12 


FIGURE 9.19 
Problem 9.12 


9.13 


9.14 


Consider the one-line diagram of a simple power system shown in Figure 9.19. System 
data in per-unit on a 100-MVA base are given as follows: 

Synchronous generators: 

Gi 100MVA  20kV  Xj2X5-2015 Xp =0.05 

G2 100 MVA 20 kV X; =X, 0.15 Xo = 0.05 


Transformers: 
T1 100 MVA 20/220 kV X, =X; = Xp = 0.1 
T2 100 MVA 20/220 kV Xp =X = X9 20. 


Transmission lines: 

LI2 100MVA  220kV X =X,=0.125  Xo-03 
LI3 100MVA  220kV X =X,=0.15 Xo = 0.35 
L23 100MVA  200kV X =X,=0.25 Xa = 0.7125 


The neutral. of each_generator. is grounded--througb-a-current-limiting. reactor—of- 
0.08333 per unit on a 100-MVA base. All transformer neutrals are solidly grounded. 
The generators are operating no-load at their rated voltages and rated frequency with 
their EMFs in phase. Determine the fault current for a balanced three-phase fault at 
bus 3 through a fault impedance Zr = 0.1 per unit on a 100-MVA base. Neglect A-Y 
phase shifts. 


TK 


1 2 


SECTIONS 9.2-9.4 


Determine the subtransient fault current In per-unit and in kA, as well as the per-unit 
line-to-ground voltages at the fault bus for a bolted single line-to-ground fault at the 
fault bus selected in Problem 9.2. 


Repeat Problem 9.13 for a single line-to-ground arcing fault with arc impedance 
Zr = 304+ j0 Q. 


9.15 
9.16 
9.17 


9.19 


9.20 
9.21 
9.22 


9.23 


9.24 
9.25 
9.26 


FIGURE 9.20 


Problems 9.26 and 9.27: 
open conductor faults 
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Repeat Problem 9.13 for a bolted line-to-line fault. 
Repeat Problem 9.13 for a bolted double line-to-ground fault. 


Repeat Problems 9.1 and 9.13 including A-Y transformer phase shifts. Assume 
American standard phase shift. Also calculate the sequence components and phase 
components of the contribution to the fault current from generator n (n = 1,2, or 3 as 
specified by the instructor in Problem 9.2). 


A 500-MVA, 13.8-kV synchronous generator with X} = X, = 0.20 and Xo = 0.05 per 
unit is connected to a 500-MVA, 13.8-kV A/500-kV Y transformer with 0.10 per-unit 
leakage reactance. The generator and transformer neutrals are solidly grounded. The 
generator Js operated at no-load and rated voltage, and the high-voltage side of the 
transformer is disconnected from the power system. Compare the subtransient fault 
currents for the following bolted faults at the transformer high-voltage terminals: 
three-phase fault, single line-to-ground fault, line-to-line fault, and double line-io- 
ground fault. 


Determine the subtransient fault current in per-unit and in kA, as well as contribu- 
tions to the fault current from each line and transformer connected to the fault bus for 
a bolted single line-to-ground fault at the fault bus selected in Problem 9.5. 


Repeat Problem 9.19 for a bolted line-to-line fault. 
Repeat Problem 9.19 for a bolted double Iine-to-ground fault. 


Determine the subtransient fault current in per-unit and in kA, as well as contribu- 
tions to the fault current from each line, transformer, and generator connected to the 
fault bus for a bolted single line-to-ground fault at the fault bus selected 1n Problem 
9.8. 


Repeat Problem 9.22 for a single line-to-ground arcing fault with arc impedance 
Zr = 0.05 + j0 per unit. 


Repeat Problem 9.22 for a bolted line-to-lme fault. 
Repeat Problem 9.22 for a bolted double lme-to-ground fault. 


As shown in Figure 9.20(a), two three-phase buses abc and a'b'c' are interconnected 
by short circuits between phases b and b’ and between c and c’, with an open circuit 
between phases a and a’. The fault conditions m the phase domain are J, = Iy = 0 
and V, = Ve = 0. Determine the fault conditions in the sequence domain and verify 
the interconnection of the sequence networks as shown in Figure 9.14 for this one- 
conductor-open fault. 


O— —9— —o 0——y»————o à & oO see,” 
T 
I f- 
, b 
S —ÓÁ————————————————9 b b oo 6————————o D 
+t Ves 7 
le l 
C S —Á—————————————o c' C Omo oo C 
T Vee — 


(a) One conductor open (b) Two conductors open : 
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9.27 


9.28 


9.29 


9.30 


9.31 


FIGURE 9.21 
Problem 9.31 


9.32 


Repeat Problem 9.26 for the two-conductors-open fault shown in Figure 9.20(b). The 
fault conditions in the phase domain are | 


Jp mer and Via! =0 


For the system of Problem 9.10, compute the fault current and voltages at the fault 
for the following faults at point F: (a) a bolted single line-to-ground fault; (b) a line- 
to-line fault through a fault impedance Zp = /0.05 per unit; (c) a double line-to- 
ground fault from phase B to C to ground, where phase B has a fault impedance 
Zr = j0.05 per unit, phase C also has a fault impedance Zp = /0.05 per unit, and the 
common line-to-ground fault impedance is Za = j0.033 per unit. 


For the system of Problem 9.11, compute the fault current and voltages at the fault 
for the following faults at bus 3: (a) a bolted single line-to-ground fault, (b) a bolted 
line-to-line fault, (c) a bolted double line-to-ground fault. Also, for the single line-to- 
ground fault at bus 3, determine the currents and voltages at the terminals of gen- 
erators G] and G2. 


For the system of Problem 9.12, compute the fault current for the following faults at 
bus 3: (a) a single line-to-ground fault through a fault impedance Zp = j0.1 per unit, 
(b) a tine-to-line fault through a fault impedance Zp = j0.1 per unit, (c) a double line- 
to-ground fault through a common fault It impedance to ground Zp = JO. ] per unit. 


For the three-phase power system with single-line diagram shown in Figure 921, 
equipment ratings and per-unit reactances are given as follows: 


Machines 1 and 2: 100 MVA 20 kV Xj 2—X52-0 
Xo =0.04  X,-0.04 

Transformers | and 2: 100 MVA 20A/345Y kV 
X; = X = Xo = 0.08 


Select a base of 100 MVA, 345 kV for the transmission line. On that base, the series 
reactances of the line are X, = X? = 0.15 and Xp = 0.5 per unit. With a nominal sys- 
tem voltage of 345 kV at bus 3, machine 2 is operating as a motor drawing 50 MVA 
at 0.8 power factor lagging. Compute the change.in voltage at bus 3 when the trans- 
mission line undergoes (a) a one-conductor-open fault, (b) a two-conductor-open fault 
along its span between buses 2 and 3. 
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At the general three-phase bus shown in Figure 9.7 (a) of the text, consider a simulta- 
neous single line-to-ground fault on phase a and line-fo-line fault between phases b 
and c, with no fault impedances. Obtain the sequence-network iuteieonnecuoh sat- 
isfying the current and voltage constraints. 
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FIGURE 9.22 
For Problem 9.34 
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FIGURE 9.23 
For Problem 9.35 
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Thevenin equivalent sequence networks looking into the faulted bus of a power system 
are given with Zi = j0.15, Z2 = j0.15, Ze = j0.2, and E, = 1/0? per unit. Compute 
the fault currents and voltages for the following faults occurring at the faulted bus: 

(a) Balanced 3-phase fault 

(b) Single line-to-ground fault 

(c) Line-line fault 

(d) Double Iine-to-ground fault 

Which is the worst fault from the viewpoint of the fault current? 


The single-line diagram of a simple power system is shown in Figure 9.22 with per 
unit values. Determine the fault current at bus 2 for a three-phase fault. Ignore the ef- 
fect of phase shift. 


Prefault Voltage 
V, = 1/0^ BUS 2 Va = 0.98/- 10^ 
5 | Xune 1 = 0.1 
AUTO. diea ux ] X cine 2 = 0-1 BUSS pat 
Xa = 0.1 X Z 0 15 Load 
Xo = 0.05 X, = 0-1 Honec Qhoas = O 
Xa = 0.1 
Xo = 0.1 


Consider a simple circuit configuration shown in Figure 9.23 to calculate the fault 
currents /,, 4, and J with the switch closed. 

(a) Compute E; and E» prior to the fault based on the prefault voltage V = 1/0°, and 
then, with the switch closed, determine 74, h, and I. 

(b) Start by ignoring prefault currents, with £ = E; = 1/0°. Then superimpose the 
load currents, which are the prefault currents, J) = -h = 1/0°. Compare the results 
with those of part (à). 





SECTION 9.5 


The zero-, positive-, and negative-sequence bus impedance matrices for a three-bus 
three-phase power system are 
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FIGURE 9.24 


Problems 9.46 and 9.47 
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0.10 0 0 
Zwso =J] 0 020 -0 . per unit 
0 0 0.10 
0.12 0.08 0.04 
Zi Leer = J} 0.08 0.12 0:06 
0.04 0.06 0.08 


Determine the per-unit fault current and per-unit voltage at bus 2 for a bolted three- 
phase fault at bus 1. The prefault voltage is 1.0 per unit. 


Repeat Problem 9.36 for a bolted single Ime-to-ground fault at bus 1. 
Repeat Problem 9.36 for a bolted line-to-line fault at bus 1. 
Repeat Problem 9.36 for a bolted double line-to-ground fault at bus 1. 


Compute the 3 x 3 per-unit zero-, positive-, and negative-sequence bus impedance 
matrices for the power system given in Problem 9.1. Use a base of 1000 MVA and 
765 kV in the zone of line 1-2. 


Using the bus impedance matrices determined in Problem 9.40, verify the fault cur- 
rents for the faults given in Problems 9.3, 9.13, 9.14, 9.15, and 9.16. 


Compute the 4x 4 per-unit zero-, positive-; and: negative-sequence -bus-impedance --- 


matrices for the power system given 1n Problem 9.4. Use a base of 1000 MVA and 
20 kV in the zone of generator G3. 


Using the bus impedance matrices determined in Problem 9.42, verify the fault cur- 
rents for the faults given in Probleros 9.6, 9.19, 9.20, and 9.21. 


Compute the 5 x 5 per-unit zero-, positive-, and -negative-sequence bus impedance. 


matrices for the power system given in Problem 9.7. Use a base of 100 MVA and 
15 kV in the zone of generator G2. 


Using the bus impedance matrices determined in Problem 9.44, verify the fault cur- 
rents for the faults given 1n Problems 9.9, 9.22, 9.23, 9.24, and 9.25. 


The positive-sequence impedance diagram of a five-bus network with all values in per- 
unit on a 100-MVA base is shown in Figure 9.24. The generators at buses | and 3 
are rated 270 and 225 MVA, respectively. Generator reactances include subtransient 
values plus reactances of the transformers connecting them to the buses. The turns 
ratios of the transformers are such that the voltage base in each generator circuit is 
equal to the voltage rating of the generator. (a) Develop the positive-sequence bus 





9.47 


FIGURE 9.25 
Problem 9.47 
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FIGURE 9.26 
Problem 9.48 





PROBLEMS 477 


admittance matrix Yy,. (b) Using MATLAB or another computer program, invert 
Yous to obtain Zpns 1. (c) Determine the subtransient current for a three-phase fault 
at bus 4 and the contributions to the fault current from each line. Neglect prefault 
currents and assume a prefault voltage of 1.0 per unit. 


For the five-bus network shown in Figure 9.24, a bolted single-line-to-ground fault 
occurs at the bus 2 end of the transmission line between buses | and 2. The fault 
causes the circuit breaker at the bus 2 end of the line to open, but all other breakers 
remain closed. The fault is shown in Figure 9.25. Compute the subtransient fault cur- 
rent with the circuit breaker at the bus-2 end of the faulted line open. Neglect prefault 
current and assume a prefault voltage of 1.0 per unit. 


Z» 


P 
© 






— Closed breaker 


©- — Open breaker 


A single-line diagram of a four-bus system is shown in Figure 9.26. Equipment ratings 
and per-unit reactances are given as follows. 


Machines | and 2: 100 MVA 20 kV X =X, = 0.2 
Xo = 0.04 %, = 0.05 
Transformers T; and T»: 100 MVA 20A/345Y kV 
X; = X = Xp 0.08 
On a base of 100 MVA and 345 kV in the zone of the transmission line, the series re- 
actances of the transmission line are X; = X; = 0.15 and Xo = 0.5 per unit. (a) Draw 
each of the sequence networks and determine the bus impedance matrix for each of 
them. (b) Assume the system to be operating at nominal system voltage without pre- 


fault currents, when a bolted line-to-line fault occurs at bus 3. Compute the fault cur- 
rent, the line-to-line voltages at the faulted bus, and the line-to-line voltages at the 
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FIGURE 9.27 
Problem 9.49 
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terminals of machine 2. (c) Assume the system to be operating at nominal system 
voltage without prefault currents, when a bolted double-!ine-to-ground fault occurs at 
the terminals of machine 2. Compute the fault current and the Jine-to-line voltages at 
the faulted bus. 


The system shown in Figure 9.27 is the same as in Problem 9.48 except that the trans- 
formers are now Y-Y connected and solidly grounded on both sides. (a) Determine 
the bus impedance matrix for each of the three sequence networks. (b) Assume the 
system to be operating at nominal system voltage without prefault currents, when a 
bolted single-line-to-ground fault occurs on phase A at bus 3. Compute the fault cur- 
rent, the current out of phase C of machine 2 during the fault, and the line-to-ground 
voltages at the terminals of machine 2 during the fault. 


| O n @ © r © 
Machine 1 OHE—————PGEO Machine 2 
LOX RY, 


The results in Table 9.5 show that during a phase “a” single line-to-ground fault the 


-phase angle on- phase *'a"-voltages is always zero: Explain why we would-expect this 


result. 


The results in Table 9.5 show that during the single line-to-ground fault at bus 2 the 
“b and "c" phase voltage magnitudes at bus 2 actually rise above the pre-fault volt- 
age of 1.05 per unit. Use PowerWorld Simulator with case Example 9_8 to determine 
the type of bus 2 fault that gives the highest per-unit voltage magnitude. 


Using PowerWorld Simulator case Example 9_8, plot the variation in the phase “‘a,” 
"b," and “‘c” voltage magnitudes during a single line-to-ground fault as the fault re- 
actance is varied from 0 to 2.0 per unit m 0.25 per-unit steps (the fault impedance is 
specified on the Fault Options page of the Fault Analysis dialog). 


Redo Example 9.8, except with a line-to-line fault at each of the buses. Compare the 
fault currents with the values given in Table 9.4. 


Redo Example 9.8, except with a bolted double line-to-ground fault at each of the 
buses. Compare the fault currents with the values given in Table 9.4. 


Redo Example 9.8, except with a new line installed between buses 2 and 4. The pa- 
rameters for this new line should be identical to those of the existing line between 
buses 2 and 4. The new line is not mutually coupled to any other line. Are the fault 
currents larger or smaller than the Example 9.8 values? 


Redo Example 9.8, except with a second generator added at bus 3. The parameters for 
the new generator should be identical to those of the existing generator at bus 3. Are 
the fault currents larger or smaller than the Example 9.8 values? 


Using PowerWorld Simulator Design case 6, calculate the per-unit fault current and 
the current supplied by each of the generators for a single line-to-ground fault at the 
PETE69 bus. During the fault, what percentage of buses have voltage magnitude be- 
low 0.75 per unit? 


Repeat Problem 9.57, except place the fault at the TIM69. bus. 
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DESIGN PROJECT 4 (CONTINUED): 
POWER FLOW/SHORT CIRCUITS 


Additional time given: 3 weeks 
Additional time required: 10 hours 


This 1s a continuation of Design Project 4. Assignments | and 2 are given in 
Chapter 6. Assignment 3 1s given m Chapter 7. 


Assignment 4: Short Circuits—Breaker/Fuse Selection 


For the single-line diagram that you have been assigned (Figure 6.13 or 6.14), 
convert the zero-, positive-, and negative-sequence reactance data to per-unit 
using the given system base quantities. Use subtransient machine reactances. 
Then using PowerWorld Simulator, create the generator, transmission line, 
and transformer input data files. Next run the Simulator to compute sub- 
transient fault currents for (1) single-line-to-ground, (2) Iine-to-line, and (3) 
double-line-to-ground bolted faults at each bus. Also compute the zero-, 
positive-, and negative-sequence bus impedance matrices. Assume 1.0 per- 
unit prefault voltage. Also, neglect prefault load currents and all losses. 

For students assigned to Figure 6.13: Select a suitable circuit breaker 
from Table 7.10 for each location shown on your single-line diagram. Each 
breaker that you select should: (1) have a rated voltage larger than the maxi- 
mum system operating voltage, (2) have a rated continuous current at least 
30% larger than normal load current (normal load currents are computed 
in Assignment 2), and (3) have a rated short-circuit current larger than the 
maximum fault current for any type of fault at the bus where the breaker is 
located (fault currents are computed in Assignments 3 and 4). This conserva- 
tive practice of selecting a breaker to interrupt the entire fault current, not 
just the contribution to the fault through the breaker, allows for future in- 
creases in fault currents. Note: Assume that the (X/R) ratio at each bus is less 
than 15, such that the breakers are capable of interrupting the dc-offset in 
addition to the subtransient fault current. Circuit breaker cost should also he 
a factor in your selection. Do not select a breaker that interrupts 63 kA if a 
40-kA or a 31.5-kA breaker will do the job. 

For students assigned to Figure 6.14: Enclosed [9, 10] are “melting 
time" and "total clearing time" curves for K rated fuses with continuous 
current ratings from 15 to 200 A. Select suitable branch and tap fuses from 
these curves for each of the following three locations on your single-line dia- 
gram: bus 2, bus 4, and bus 7. Bach fuse you select should have a continuous 
current rating that is at least 15% higher but not more than 50% higher than 
the normal load current at that bus (normal load currents are computed in 
Assignment 2). Assume that cables to the load can withstand 5096 continuous 
overload currents. Also, branch fuses should be coordinated with tap fuses; 
that 1s, for every fault current, the tap fuse should clear before the branch. 
fuse melts. For each of the three buses, assume a reasonable X/R ratio and 
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determine the asymmetrical fault current for a three-phase bolted fault (sub- 
transient current is computed in Assignment 3). Then for the fuses that you 
select from [9, 10], determine the clearing time CT of tap fuses and the melt- 
ing time MT of branch fuses. The ratio MT/CT should be less than 0.75 for 
good coordination. | 


DESIGN PROJECT 6 


Time given: 3 weeks 
Approximate time required: 10 hours 


As a protection engineer for Metropolis Light and Power (MLP) your job is 
to ensure that the transmission line and transformer circuit breaker ratings 
are sufficient to interrupt the fault current associated with any type of fault 
(balanced three phase, single line-to-ground, line-to-line, and double line-to- 
ground). The MLP power system is modeled in case Chapter9 Design. This 
case models the positive, negative and zero sequence values for each system 
device. Note that the 69/138 kV transformers are grounded wye on the low 
side and delta on the high side; the 138 KV/345 kV transformers grounded 
wye on both sides. In this design problem your job is to evaluate the circuit 
breaker ratings for the three 345 kV transmission lines and the six 345/138 
kV transformers. You need not consider the 138 or 69 kV transmission lines, 
or the 138/69 kV transformers. 


Design Procedure 


1. Load Chapter9 Design into PowerWorld Simulator. Perform an inj- 
tial power flow solution to get the base case system operating point. 


2. Apply each of the four fault types to each of the 345 kV buses and to 
the 138 kV buses attached to 345/138 kV transformers to determine 
the maximum fault current that each of the 345 kV Jines and 345/138 
kV transformers will experience. 


3. For each device select a suitable circuit breaker from Table 7.10. 
Each breaker that you select should a) have a rated voltage larger 
than the maximum system operating voltage, b) have a rated contin- 
uous current at least 30% larger than the normal rated current for 
the line, c) have a rated short circuit current larger than the maxi- 
mum fault current for any type of fault at the bus where the breaker 
is located. This conservative practice of selecting a breaker to inter- 
rupt the entire fault current, not just the contribution to the fault 
current through the breaker allows for future increases in fault cur- 
rents. Since higher rated circuit breakers cost more, you should select 
the circuit breaker with the lowest rating that satisfies the design 
constraints. 
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Simplifying Assumptions 
1.. You need only consider the base case conditions given in the 
Chapter9 Design case. 


2, You may assume that the X/R ratios at each bus is sufficiently small 
(less than 15) so that the dc offset has decayed to a sufficiently low 
value (see Section 7.7 for details). 


3. As is common with commercial software, including PowerWorld 
Simulator, the A-Y transformer phase shifts are neglected. 


CASE STUDY QUESTIONS 


A. 


REFERENCES 


5. 


Are safety hazards associated with generation, transmission, and distribution of elec- 
tric power by the electric utility industry greater than or less than safety hazards asso- 
ciated with the transportation industry? The chemical products industry? The medical 
services industry? The agriculture industry? 


What is the public's perception of the electric utility industry's safety record? 
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Lightning slices through 
rainy skies above a city, in a 
lime-exposure view ( Jhaz 
Photography/Shutter stock) 
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SYSTEM PROTECTION 


| Short circuits occur in power systems when equipment insulation fails, due 


to system overvoltages caused by lightning or switching surges, to insulation 
contamination, or to other mechanical and natural causes. Careful design, 
operation, and maintenance can minimize the occurrence of short circuits but 
cannot eliminate them. We discussed methods for calculating short-circuit 
currents for balanced and unbalanced faults in Chapters 7 and 9. Such cur- 
rents can be several orders of magnitude larger than normal operating cur- 
rents and, if allowed to persist, may cause insulation damage, conductor 
melting, fire, and explosion. Windings and busbars may also suffer mechani- 
cal damage due to high magnetic forces during faults. Clearly, faults must be 


CASE STUDY 


CASE STUDY 483 


quickly removed from a power system. Standard EHV protective equipment 
is designed to clear faults within 3 cycles, whereas lower-voltage protectivé 
equipment typically operates within 5-20 cycles. 

This chapter provides an introduction to power system protection. 
Blackburn defines protection as “the science, skill, and art of applying and 
setting relays and/or fuses to provide maximum sensitivity to faults and un- 
desirable conditions, but to avoid their operation on all permissible or tolera- 
ble conditions" |1]. The. basic idea is to define the undesirable conditions and 
look for differences between the undesirable and permissible conditions that 
relays or fuses can sense. It is also important to remove only the faulted 
equipment from the system while maintaining as much of the unfaulted sys- 
tem as possible in service, in order to continue to supply as much of the load 
as possible. 

Although fuses and reclosers (circuit breakers with built-in instrument 
transformers and relays) are widely used to protect primary distribution 
systems (with voltages in the 2.4-46 kV range), we focus primarily in this 
chapter on circuit breakers and relays, which are used to protect HV (115- 
230 kV) and EHV (345-765 kV) power systems. The IEEE defines a relay as 
“a device whose function is to detect defective lines or apparatus or other 
power system conditions of an abnormal or dangerous nature and to initiate 
appropriate control action" [1]. In practice, a relay is a device that closes or 
opens a contact when energized. Relays are also used in low-voltage (600-V 
and below) power systems and almost anywhere that electricity is used. They 
are used in heating, air conditioning, stoves, clothes washers and dryers, re- 
frigerators, dishwashers, telephone networks, traffic controls, airplane and- 
other transportation systems, and robotics, as well as many other applica- 
tions. 

Problems with the protection equipment itself can occur. A second line 
of defense, called backup relays, may be used to protect the first line of de- 
fense, called. primary relays. In HV and EHV systems, separate current- or 
voltage-measuring devices, separate trip coils on the circuit breakers, and 
separate batteries for the trip coils may be used. Also, the various protective . 
devices must be properly coordinated such that primary relays assigned to 
protect equipment in a particular zone operate first. If-the primary relays fail, 
then backup relays should operate after a specified time delay. 

This chapter begins with a discussion of the basic system-protection 
components. | 


For a given power system configuration, the performance of protection, monitoring, and 
control equipment determines how the system responds to contingencies and 
catastrophic events. The following article provides an overview of relaying practices and 
describes relay misoperations, modes of relay operations under abnormal system 


conditions, and advances in computer relays and adaptive relaying [14]. 
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Blackouts and Relaying Considerations 
S. H. HOROWITZ AND A. G. PHADKE 


In recent years, we have seen several catastrophic 
failures of power systems throughout the world. 
The usual scenario of such events is that the power 
system is in a stressed state, followed by faults on 
critical facilities, followed by unanticipated tripping 
of other facilities, finally leading to system breakup 
and blackouts. lt is well recognized that, in most 
of these events, protection systems—relays— play 
an important role in that they operate in an unex- 
pected manner and are often a contributing factor 
to the cascading phenomena. In many postmortem 
analyses of such events, relays have been unfairly 
singled out as the main culprits, and often draconian 
measures have been suggested to correct the per- 
ceived faults in the protection system. 


This article addresses the broad question of re-_ 


laying philosophies, modes of operation of relays 
under abnormal system conditions, the categories 
of their failure modes, and advances made possible 
by modern technology in computer relays, adaptive 
relaying, and the use of wide-area measurements 
for improved protection and the ability to mitigate 
wide-area outages. It is hoped that this discussion 
will lead to a díalogue among system planners, relay 
engineers, and operating personnel to explore the 
realities of relay system performance under stressed 
system conditions and to adapt solutions made pos- 
sible by new technological innovations. 


AN OVERVIEW OF RELAYING PRACTICES 


The number of relays on a modern high-voltage 
transmission system is very high. A very rough 
estimate of relays in service in the North American 
grid is on the order of 5 million. The primary task 
of relays is to trip associated circuit breakers (i.e. 
transmission lines, buses, generators, transformers, 
etc.) in response to faults or other conditions for 


(“Blackouts and Relaying Considerations” by S. H. Horowitz 
and A, G. Phadke, IEEE Power and Energy (Sept/Oct 2006), 
pg. 60-67.) 


which the protection system is designed. All pro- 
tection systems usually consist of several relays with 
well-defined conditions under which they should 
trip. in most high-voltage networks, there are high- 
speed relays that operate in less than three cycles 
of the fundamental power system frequency. Their 
main application is in protecting equipment against 
damage due to faults. These relays are autonomous, 
utilizing locally measured signals, often supplemented 
by remote terminal data over pilot channels. These 
relays, referred to as primary protection systems, 
may be duplicated for reliability. In addition, backup 
relays are provided, which, in general, operate more . 
slowly and disconnect a larger portion of the power 
system. 

- Traditionally, -the -relaying .philosophy.. has. been.. 
biased towards dependability, meaning that if a fault 
should occur, the primary relay must operate to 
clear the fault. This bias is a result of decades of 
experience with operating ac power systems where 
the main threat to the system, aside from damage 
to equipment, is a loss of synchronism among gen- 
erators due to slowly cleared faults. High-speed fault 
clearing is considered essentíal on modern power 
systems since operation of backup relaying would 
increase the probability of system instability and 
extensive outages when primary protection fails to 
clear a fault. 

The bias towards high dependability inevitably 
leads to a reduction in security of the protection 
system. In other words, by making the protection 
system highly dependable, the protection system is 
also made more prone to false trips when no trips 
are warranted. For most traditional power systems, 
this increased probability of an occasional false trip 
was considered an acceptable risk to ensure a de- 
pendable high-speed clearing of all faults coupled 
with the fact that the system itself must withstand 
the loss of a single system element. However, as the 
power systems undergo fundamental changes, such 
as those brought on by open access and dereg- 
ulation, one must reexamine this traditional protec- 


tion philosophy, especially when the power system 
is stressed. 


WHAT ARE THE TYPES OF RELAY 
MISOPERATIONS? 


In how many ways can a relay misoperate? Of 
course, there is a possibility of the failure to trip for 
a fault. One could rule out this type of misoperation 
in light of the multiple tripping relays employed in 
most modern power systems. This leaves the mode 
of failure that could be generically labeled an un- 
anticipated trip. To further understand this phe- 
nomenon, consider the following ways in which the 
protection system may operate. 


Correct and appropriate 

Correct and appropriate is the operation we all desire. 
The protection system operates as designed and its 
operation is appropriate for the prevailing system 
condition. 


Correct and inappropriate 

In the case of correct and inappropriate, the protec- 
tion system has operated as designed and set, but its 
operation was not appropriate for the prevailing 
system condition. This type of misoperation is quite 
common and can occur for many reasons. For ex- 
ample, when the relays were set, the network con- 
ditions for which the settings should be designed 
were not properly identified. In other words, the 
prevailing network condition when the relay oper- 
ated was not anticipated in the specification stage. 
Depending on the utility practices, this may be an 
oversight on the part of the planning department or 
engineering department. VVe are seeing more and 
more such oversights as the number of trained 
engineering staff in most electric utility companies 
is severely depleted. Since loading patterns on the 
networks have changed due to open access and 
deregulation, the engineers who specify conditions 
under which the relays must operate have to revisit 
their network contingencies. 

Another reason for this type of operation could 
be a wrong setting made when the relay was in- 
stalled or calibrated. The result is that the relay op- 
erated as it was designed or set to do, but the result 
was not what was intended. 
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Incorrect and appropriate 

Although, for completeness, we include incorrect and 
appropriate in this category, we do not believe this 
is a common occurrence, One could include those 
operations in which a relay operated incorrectly, 
but in so doing prevented another, more serious 
trip and avoided a major cascading failure. | 


incorrect and inappropriate 

In the case of incorrect and inappropriate, the relays 
have produced an incorrect operation, which has 
contributed to a cascading outage. This phenome- 
non has been investigated from the point of view 
of hidden failures in protection systems. Given the 
very large number of protective devices in service, it 
is inevitable that some of these will have failed in a 
manner that does not exhibit itself when the power 
system is in a normal state. However, when another 
triggering event (such as a fault) occurs, the hidden 
failure causes the offending relay to misoperate. 
Recent research results on these phenomena, and 
possible countermeasures against them, have been 
published in the technical literature. 


DISTANCE RELAYS 


A distance relay is a protective relay in which the 
response to the local voltage and current is primar- 
ily a function of the impedance between the relay 
location and the point of fault. It is independent of 
a communication link and is the most commonly 
used backup protective system. This is the most 
ubiquitous relay found on any power system. In ad- 
dition to transmission line protection, it is also used 
for out-of-step relaying and loss-of-field relaying 
and is often a component of many remedial action 
schemes. 

In transmission line protection, which is the prin- 
cipal application of distance relays, severa! zones are 
employed in a step-distance configuration, in which 
each zone is separated by a difference in operating 
times. Figure | shows a typical step-distance relay 
timing arrangement. Zone 1 provides instantaneous 
protection for 80—90% of the line between its ter- 
minals. Zone 2 is applied to protect. the remaining 
10-2076 of the line but with time delay. Zone 2 
also provides some level of backup to the adjacent 
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Figure | 
Step distance protection of a transmission system; zone 
coverage and time delay coordination. 





Figure 2 

Step distance relay characteristics: (a) typical 
electromechanical relay characteristic and (b) 
representative electronic or computer relay 

characteristics. 


transmission line. Zone 3 is applied as a remote 
backup to Zones | and 2 of all adjacent lines in the 
event that the protective systems of those lines fail 
to clear a fault. Figure 2 shows the operating char- 
acteristics of the separate zones of the step-distance 
relay protection on an R-X diagram. Circular char- 
acteristics shown in Figure 2(a) are common in 
electromechanical relays and certain computer re- 
lays. More common in modern electronic and com- 
puter relays are the. quadrilateral characteristics 
shown in Figure 2(b). 


THE LIABILITY OF LOADABILITY 


Loadability of a relay is the maximum load that may 
be carried on the protected line such that a load 


greater than the loadability limit will be indistin- 
guishable from a fault to the relay and will lead to a 
trip of the line. The foadability of a relay is affected 
by the prevailing voltage at the line terminal and 
also by the load power factor. When the power 
system is stressed, the reactive power flows may 
become unusual, When the power system is under- 


going electromechanical swings, the voltages near 


the electrical center of the system may get de- 
pressed significantly. VVhen system contingencies 
are specified to confirm the appropriateness of relay 
characterístic settings, it is imperative that these ef- 
fects on loadability be taken into account. 

Loadability problems of overreaching zones of 
protection have been recognized since the early 
days of protection. Where a third zone as a remote 
backup zone is deemed to be necessary, certain 
technical innovations are available to alter its load- 
ability limit. These innovations are more readily im- 
plamentéd in modern computer relays. However, 
even the electromechanical relays do have limited 
ability to improve their loadability. 

If the voltage and current phasors at the line 
terminal are such that the loadability limit is reached, 
the apparent impedance seen by a distance relay 
must be on the relay characteristic. For simplicity of 
analysis, consider a rectangular characteristic of a 
line relay (such as a Zone 3 setting since it has the 
lowest loadability limit), where the line has negligible 
resistance. lf the line is exporting both active and 
reactive power at a power factor angle $, the ap- 
parent impedance at this loadability lies in the first 
quadrant of the R-X diagram as shown in Figure 3. 
For the rectangular characteristic considered here, 
let the intercept on the R-axis be Ro. The loadability 
limit So is given by (per unit) 


So = (Po + jQo) 
= (E? /Ry)(cos? ø + j sin ø cos $). 


It is clear that the loadability limit is a function of 
both the voltage and the power factor angle. If the 
loadability limit at unity power factor and with the 
line voltage of 1.0 per unit is Smax, the loadability 
limit at a voltage of E per unit and power factor an- 
gle ¢ is given by 
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Figure 3 

Loadability limit for a simple rectangular impedance 
characteristic. The line is exporting active and reactive 
power. 


So = SmaxE? cos ¢. 


The dependence of loadability on line voltage and 
power factor is shown on Figure 4. The break in the 
curves is due to the corner of the rectangle, which 
is assumed to occur at a power factor angle of 60°. 
It should be clear that the loadability dependence on 
voltage and power factor angle is strongly influenced 
by the shape of the relay characteristic and must be 
evaluated for the characteristic actually in use. Note 
also that the ordinate of Figure 4 shows the mega- 
voltampere loadability; the megawatt loadability is 
obtained by multiplying the MYA loadability by the 
appropriate power factor. 


WHEN IS A THIRD ZONE NEEDED? 


Zone 3 of a distance relay is used to provide remote 
backup protection if the primary protection system 
should fail. Although in common usage a protection 
system may mean only the relays, the actual pro- 
tection system consists of many other subsystems 
that contribute to the detection and removal of 
faults. Each of these subsystems may fail, making the 
primary protection inoperative. Figure 5 shows the 
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Elements of a protection system. 
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basic elements of the protection system. In the fol- 
lowing discussion, we examine all of the protective 
elements in a substation with regard to the applica- 
tion of Zone 3 to provide backup. 


Batteries 

If only one battery is available at the substation, a 
system control, alarm, and data acquisition system 
(SCADA) alerts the engineering or operating de- 
partment to take corrective action if the battery be- 
comes defective. At che higher transmission voltage 
levels, it is not uncommon to provide two batteries, 
in which case providing backup protection for bat- 
tery failure may not be necessary. However, if only 
one battery ís available, even with a SCADA warning 
it may be advisable to add Zone 3 at the remote 
stations(s) if the failed battery is at a location that is 
not easily reached and if maintenance personnel may 
not have the time to correct the problem quickly. 


—— — ——— 


Relays. .. TS om 
To cover any single relay failure, ít is common 
practice to use multiple relays covering the phase 
and ground faults. At the higher voltages or at more 
crítical stations, there would be two sets of relays 
including pilot protection. One may therefore con- 
clude that remote backup protection may be un- 
necessary, but care must be taken to be sure that no 
common-mode failures exist within the circuitry of 
multiple relay sets. 


Transducers — 

At the lower voltage levels, the transducers, current 
transformers (CTs) and potential transformers (PTs) 
are not normally duplicated, and a failure of the po- 
tential or current transformers could go unnoticed 
and result in a failure to trip. In this instance, a Zone 
3 remote backup would be desirable. At the higher 
voltagé levels, the current transformer secondary 
windings are duplicated, each serving a separate set 
of relays. The potential transformers or devices are 
also duplicated or fused separately to maintain volt- 
age integrity to each set of relays. 


Circuit breakers 

Circuit breakers are not duplicated, and failure of a 
circuit breaker to clear a fault must be considered. 
Circuit breaker failure tripping schemes are sensi- 





tive to system and station configuration. In some 
cases, it is sufficient to open all local breakers that 
can contribute to the fault upon detecting a breaker 
failure. This may not be sufficient to clear a fault, and 
a transfer trip scheme is required. This involves 
expenditures for communication equipment, which 
may not be justified, and a remote Zone 3 would be 
preferable. |t is not our purpose here to catalog all 
possible bus arrangements, but some examples are 
instructive. : 

As extra-high voltage (EHV) transmission sys- 
tems matured, local backup replaced remote backup, 
and breaker failure schemes started to evolve as a 
subset of local backup protection. At first, a sepa- 
rate set of relays was used to initiate the required 
tripping, but this quickly was replaced by a specíal 
isolated circuit that employed all of the protective 
relays that simultaneously initiated tripping the ap- 
propriate circuit breaker(s) and started a tímer. 
When-the- timer timed out; a tripping relay opened 
all of the breakers that could see the fault for which 
the protective relays had operated. The timer was 
set just beyond the normal clearing time of the cir- 
cuit breaker, usually on the order of 7-10 cycles. 

Substations are designed for reliability of service 
and flexibility of operation and to allow for equip- 
ment maintenance with a minimum interruption of 
service consistent with an economic evaluation of 
the costs involved versus the benefits derived. Bus 
arrangements range from a single-bus, single-breaker 
scheme common to low-voltage distribution stations 
to the breaker-and-a half configuration that is al- 
most universal for EHV stations. In situations where 
breaker failure schemes trip all of the breakers that 
can sense a fault, including transfer trip, a Zone 3 
application may not have any advantage. However, 
in the absence of a communication channel for 
technical or economic reasons, a Zone 3 setting 
may be of some advantage. Nonetheless, the Zone 3 
setting must encompass all possible infeeds. In the 
case of tapped loads, it is not always possible to set 
Zone 2 to see the apparent impedance to the "far 
end" fault and not overreach other Zone 2 relays. In 
such cases, a possible.solution is to set a remote 
Zone 3 to see the apparent impedance to the re- 
mote location. 


a —— 


: As each component failure is identified, a backup 
scheme capable of covering that failure must be de- 
signed. In general, in the absence of a communica- 
tion channel, duplicate transducers or batteries, 
and for certain bus configurations, remote Zone 3 
provides the most effective backup protection. Of 
course, catastrophic physical failures such as earth- 
quakes or storms that destroy the building, panels, 
or multiple primary equipment will also require a 
remote backup system such as Zone 3. We may also 
classify as a catastrophic failure certain human er- 
rors such as incorrect settings or equipment out- 
ages during maintenance. 


COUNTERMEASURES FOR IMPROVING 
ZONE 3 LOADABILITY 


One thing to note is that load excursions are bal- 
anced phenomena, so that the presence of unbal- 
anced currents (negative sequence) would indicate a 
fault. Thus, loadability should not be an issue when 
negative sequence currents are present. The third 
zone characteristic for three-phase faults is the only 
one where load conditions could be confused with 
remote faults. It is also unlikely that three-phase 
faults would have a significant fault resistance, so the 
third zone shape for such faults could be consider- 
ably modified to reduce the resistive reach of the 
relay, thus increasing the loadability of the relay. 
These and other improvements are generally avail- 
able only in computer relays. 


Electromechanical relays 

The traditional electromechanical relays have fixed 
zone boundaries, and usually they are made up of 
circular shapes or straight lines. Directional relays 
can be applied as blinders restricting the admittance 
(mho) circular characteristics of Zone 3 to high X/R 
values as opposed to normal load power factor an- 
gles. As indicated above, the presence of negative 
sequence current is a good indicator that a fault, not 
a balanced load condition, exists. Some innovations 
in electromechanical relays have addressed the load- 
- ability problem by proposing the use of a figure-eight 
shape (a forward offset characteristic) to increase 
the loadabitity limits of relays. This offset mho char- 
acteristic is easily attainable with electromechanical 
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relays and may offer one of the best and most inex- 
pensive solutions to the loadablity problem. 


Electronic relays 

Solid-state relays can shape their characteristics 
or introduce load encroachment elements that are 
also attractive solutions. Quadrilateral character- 
istics, which shape the protection zones to any de- 
sired shape, are a definite improvement. 


Computer relays 
Computer relays have the potential for solving many 
of the problems that could not be addressed by 
conventional relays. Many computer relays now 
offer multiple groups of settings, so that Zone 3 
settings could be adapted to changing system con- 
figurations and the accompanying in-feed variations. 
It is also possible to include a load-encroachment 
characteristic which outlines an area within the relay 
characteristic that prevents operation for a defined 
load impedance. Computer relays could also be 
made to block trip if a balanced condition exists and 
the power factor of the line current is characteristic 
of system loading conditions. This approach is in- 
deed reasonable and should provide security in the 
case of a heavy load. However, one should take note 
of the fact that often under unusual system con- 
ditions where significant amounts of vars are being 
transmitted, the power factor may not always be a 
sure indicator that a load, rather than a fault, exists 
on the line. Under normal system conditions, vars 
and watts are tightly coupled through the generator 
operating parameters. Under system stress or fault 
conditions, vars and watts may be decoupled and 
the 30? power factor criteria may not apply (see 
Figure 3 for the effect of power factor and voltage 
on loadability). | 

If one postulates communication between relays 
at a station or with relays at remote stations, it may 
be possible to design more effective logic for differ- 
entiating between a load and a fault. Trending ob- 
served changes in line currents, correlating changes 
seen by different relays, and using information re- 
ceived from control centers indicative of the state of 
the power system could all be integrated in com- 
puter relays with a very effective check on the op- 
eration of backup protection systems. 
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Adaptive relaying 

The intelligent supervision of Zone 3 is an excellent 
example of adaptive relaying, with its ability to adjust 
its performance to match the prevailing power sys- 
tem conditions. The problem of the sensitivity of the 
Zone 3 characteristic to emergency load or power 
system instability can be solved with the use of 
adaptive relaying principles. Several solutions using 
electromechanical or electronic relays have already 
been suggested. Each of these solutions is more 
readily applied with computer relays. Using com- 
puter logic instead of complex wiring immediately 
improves the reliability of the relay. Prefault load 
could be taken into account, and prevailing stability 
margins could be introduced into the relaying algo- 
rithms. The overwhelming thrust of the North 
American Electric Reliability Council (NERC) rules 
and other instructions regarding the application of 
Zone 3 elements has been to prevent their opera- 
tion during emergency conditions. Although this is a 
desirable goal, it should be recognized that even 
with all the intelligence available to modern com- 
puter relays, the problem of distinguishing a fault 
from a heavy load in a relatively short time and using 
only the current and voltage signals available to the 
relay cannot be solved in every single imaginable 
(and some unimaginable) power system scenario. If 
Zone 3 is the protection system of last resort, and if 
it is incorrectly prevented from operating when it 
should do so, the consequences to the power sys- 
tem may be much worse than those resulting from 
an unwanted Zone 3 trip. 





Hidden failures 

A vexing problem for protection engineers is that of 
hidden failures, in the protection system. These are 
failures that go. undetected when the power system 
is in a normal state and that contribute unnecessary 
trips when the system is disturbed by faults or 
severe dynamic conditions. Although increased 
maintenance, calibration, and frequent reviews of 
protective settings would reduce the likelihood of 
hidden failures, this is not always the case. Known 
cases abound where the very act of maintenance 
has induced a hidden failure mode that remains un- 

exposed until cascading failures begin to unfold. 


Given the large number of protective devices 
present on a power system, it is not possible to rule 
out the possibility of hidden failures in some relays. 
An approach for providing countermeasures against 
false trips due to hidden failures is to identify loca- 
tions in the network where hidden failures would 
be particularly damaging to the power system and 
then provide a computer-based relay as a super- 
visor of the relay operation. In addition, a voting 
scheme among all the protection systems can be 
implemented at such critical sites. 


INTEGRATING PROTECTION AND 
CONTROL 


Our concern up to this point has been the load- 
ability of backup protection schemes. In any realistic 
scenario, the total protection, operation, and con- 
trol package must be considered as an integrated 
systemat- is being recognized-that-the advent-of new 
technologies has provided two of the most valuable 
elements of this total package: system integrity pro- 
tective schemes (SIPSs) and wide-area-based pro- 
tection systems (VW APSs). 


SIPS 
SIPS is an increasingly valuable tool.to initiate system 
corrective actions as opposed to equipment pro- 
tection. Among the many system stress scenarios 
that a SIPS may act upon are transmission conges- 
tion, transient instability, voltage and frequency 
degradation, and thermal overloading. Many correc- 
tive actions are available to respond to these po- 
tential system stresses. An SIPS program can initiate 
any one or combination of the following: load or 
generator rejection or fast valving, load shedding 
due to underfregency or undervoltage, out-of-step 
- blocking and tripping, system separation, etc. These 
measures are normally inactive and are armed 
automatically when some system stress condition 
occurs; alternatively, they may be armed manually 
from a control center. The remedial action schemes 
(RAS) and system protection schemes (SPS) that 
have become popular in recent years are SIPS sys- 
tems. [o create more intelligent SIPSs, one must 
rely on the newly available wide-area measurement 
systems being deployed in many power systems. 


Wide-area protection systems (WAPSs) 

To implement effective, intelligent SIPS appropriate 
for the prevailing power system condition, it is es- 
sential that a real-time, fast-acting, system-wide data 
collection system be available. Wide-area measure- 
ment systems (WAMSs) are rapidly becoming an 
important element in system operation and control. 
The use of real-time measurements to determine 
the state of the power system goes back to the 
late |960s. State estimation, contingency evaluations, 
and optimization of the operating state have been 
practiced by most modern power systems. How- 
ever, the constraining contingencies for power sys- 
tems are usually rooted in the dynamic phenomena. 
Thus, there has been a disconnect between what 
is actually needed in real time and what could be 
achieved by the prevailing technology. All this is 
changing with the introduction of the global posi- 


tioning system (GPS), which can be used to provide 


‘synchronized phasor measurements for the entire 
power system, thus providing high-quality system 
data at a very rapid rate (once every few cycles of 
the power system frequency). High-speed broad- 
band communication has also become available so 
that these measurements could be transferred over 
great distances with latencies on the order of 50 ms, 
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and progress is being made in developing analytical 
techniques that can effectively use these measure- 
ments in real time. 


Brittle and ductile systems 

Modern power systems deliver power to the local 
load centers efficiently and economically. However, 
they are brittle in the sense that they tend to break 
up through the loss of synchronism when faced with 
a catastrophic disturbance. The break up can be 
compared to the shattering of a brittle structure 
upon being struck with a heavy blow. A ductile 
structure, on the other hand, would deform around 
the disturbance and prevent the disturbance from 
cascading into a total system collapse. This is illus- 
trated conceptually in Figure 6. It is possible that the 
developing stress levels in modern power systems 
will compel engineers to bring some measure of 
ductility to the power systems by judicious use a 
high-power electronic devices. 


CHANGING NATURE OF POWER SYSTEMS 


It is clear that the power systems of today are not 
what they were before open access and dereg- 
ulation were introduced in many countries: We are 
witnessing unusual generation and power flow pat- 





Figure 6 
(a) Brittle power system breaks up into synchronous islands when a strong disturbance occurs. (b) By using high-power 
electronic devices at optimum locations, the damage due to the initiating event can be confined to a small region, 


rendering the power system ductile. 
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terns, unplanned congestion, and the introduction 
of renewable generation with its associated un- 
certainties regarding protection and control. The 
emphasis on stockholder good versus public good 
has transformed the industry culture from reliability 
to economy. This change has resulted in a lack 
of incentives for infrastructure improvements, re- 
strictions on information exchange, and, most dis- 
turbingly, the lack of signals for technical manpower 
needs, both present and future. To meet these 
challenges, the industry must embrace the latest 
technologies, recruit the best and brightest of our 
graduates, and increase the exchange of technical 
concepts and innovation though industry confer- 
ences and literature. 
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SYSTEM PROTECTION COMPONENTS 


Protection systems have three basic components: 
1. Instrument transtormers 
2. Relays 
3. Circuit breakers 


Figure 10.1 shows a simple overcurrent protection schematic with: (1) 
one type of instrument transformer—the current transformer (CT), (2) an 
overcurrent relay (OC), and (3) a circuit breaker (CB) for a single-phase line. 
The function of the CT is to reproduce in its secondary winding a current I’ 
that 1s proportional to the primary current 7. The CT converts primary cur- 
rents in the kiloamp range to secondary currents in the 0-5 ampere range for 
convenience of measurement, with the following advantages. 


Safety: Instrument transformers provide electrical isolation from the 
power system so that personnel working with relays will work 1n a safer 
environment. 


FIGURE 10.1 


Overcurrent protection 
schematic 
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Economy: Lower-level relay inputs enable relays to be smaller, simpler, 
and less expensive. 


Accuracy: Instrument transformers accurately reproduce power system 
currents and voltages over wide operating ranges. 


The function of the relay is to discriminate between normal operation 
and fault conditions. The OC relay in Figure 10.1 has an operating coll, 
which is connected to the CT secondary winding, and a set of contacts. When 
|Z’| exceeds a specified "pickup" value, the operating coil causes the normally 
open contacts to close. When the relay contacts close, the trip coil of the cir- 
cuit breaker is energized, which then causes the circuit breaker to open. 

Note that the circuit breaker does not open until its operating coil is 
energized, either manually or by relay operation. Based on information from 
instrument transformers, a decision is made and “relayed” to the trip coil of 
the breaker, which actually opens the power circuit—hence the name relay. 

System-protection components have the following design criteria [2]: 


Reliability: Operate dependably when fault conditions occur, even after 
remaining idle for months or years. Failure to do so may result in costly 
damages. 


Selectivity: Avoid unnecessary, false trips. 


Speed: Operate rapidly to minimize fault duration and equipment dam- 
age. Any intentional time delays should be precise. 


Economy: Provide maximum protection at minimum cost. 
Simplicity: Minimize protection equipment and circuitry. 


Since it 1s impossible to satisfy all these criteria simultaneously, com- 
promises must be made in system protection. 
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10.2 


\ 


\ 
FIGURE 10.2 
VT and CT schematic 





INSTRUMENT TRANSFORMERS 


There are two basic types of instrument transformers: voltage transformers 
(VTs), formerly called potential transformers (PTs), and current transformers 
(CTs). Figure 10.2 shows a schematic representation for the VT and CT. The 
transformer primary is connected to or into the power system and is insulated 
for the power system voltage. The VT reduces the primary voltage and the 
CT reduces the primary current to much lower, standardized levels suitable 
for operation of relays. Photos of VTs and CTs are shown in Figures 10.3- 
[0.6. ; 
For system-protection purposes, VTs are generally considered to be 
sufficiently accurate. Therefore, the VT is usually modeled as an 1deal trans- 
former, where 


=(1/n)V (10.2.1) 


V' 1s a scaled-down representation of V and 1s in phase with V. A standard 
VT secondary voltage rating is NU x (line-to- -line). Standard VT ratios are 
given in Tabled0-1—— E eere aaa 

Ideally, the VT secondary is connected to a voltage-sensing device 
with infinite impedance, such that the entire VI secondary voltage is across 
the sensing device. In practice, the secondary voltage divides across the high- 
impedance sensing device and the VT series leakage impedances. VT leakage 
impedances are kept low in order to minimize voltage drops and phase-angle 
differences from primary to secondary. 

The primary winding of a current transformer usually consists of a 
single turn, obtained by running the power system’s primary conductor 
through the CT core. The normal current rating of CT secondaries is stan- 
dardized at 5 A in the United States, whereas 1 A is standard in Europe and 


e Primary conductor 





(a) Voltage transformer (VT) 


FIGURE 10.3 


Three 34.5-kV voltage 
transformers with 

34.5 kV : 115/67 volt 
VT ratios, at Lisle 
substation, Lisle, Illinois 
(Courtesy of 
Commonwealth Edison, 
an Exelon company) 


FIGURE 10.4 


Three 500-kV coupling 
capacitor voltage 
transformers with 

303.1 kV : 115/67 volt 

VT ratios, Westwing 
500-kV Switching 
Substation (Courtesy of 
Arizona Public Service) 
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FIGURE 10.5 


Three 25 kV class 
current transformers- 
window design 
(Courtesy of Kuhlman 
Electric Corporation) 


r 
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FIGURE 10.6 


S00-kV class current 
transformers with 
2000:5 CT ratios in 
front of 500-kV SF6 
circuit breakers, 
Westwing 500-kV 
Switching Substation 
(Courtesy of Arizona 
Public Service 
Company) 





TABLE 10.1 
Standard VT ratios 


TABLE [0.2 
Standard CT ratios 


FIGURE 10.7 


CT equivalent circuit 
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Voltage Ratios 
1:1 2:1 2:5] 4:1 5:] 20:1 40 :] 
60: } 100; 1 200: | 300: | 400: 1 600: } 800: | 
L000: 1 2000: 1 3000: 1 4500: | 
Current Ratios 
50:5 100:5 150:5 200:5 250:5 300:5 400:5 
450:5 500:5 600:5 800:5 900:5 1000:5 1200:5 
1500:5 1600:5 2000: 5 2400:5 2500 :5 3000: 5 3200: 5 
4000: 5 5000:5 6000: 5 


some other regions. Currents of 10 to 20 times (or greater) normal rating 
often occur 1n CT windings for a few cycles during short circuits. Standard 
CT ratios are given in Table 10.2. 

Ideally, the CT secondary is connected to a current-sensing device with 
zero impedance, such that the entire CT secondary current flows through the 
sensing device. In practice, the secondary current divides, with most flowing 
through the low-impedance sensing device and some flowing through the CT 
shunt excitation impedance. CT excitation impedance is kept high in order to 
minimize excitation current. 

An approximate equivalent circuit of a CT is shown in Figure 10.7, 
where 


Z' = CT secondary leakage impedance 
X, = (Saturable) CT excitation reactance 
Zp = Impedance of terminating device (relay. including leads) 


The total impedance Zp of the terminating device is called the burden and is 
typically expressed in values of less than an ohm. The burden on a CT may 
also be expressed as volt-amperes at a specified current. 

Associated with the CT equivalent circuit is an excitation curve that 
determines the relationship between the CT secondary voltage E’ and excita- 
tion current Ie. Excitation curves for a multiratio bushing CT with ANSI . 
classification C100 are shown in Figure 10.8, 


Pak) 
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FIGURE 10.8 Excitation curves for a multiratio bushing CT with a C100 ANSI accuracy 
classification [3} (Westinghouse Relay Manual, A New Silent Sentinels Publication 
(Newark, NJ: Westinghouse Electric Corporation, 1972)) 


Current transformer performance is based on the ability to deliver a 
secondary output current 7' that accurately reproduces the primary current /. 
Performance 1s determined by the highest current that can be reproduced 
without saturation to cause large errors. Using the CT equivalent circuit and 
excitation curves, the following procedure can be used to determine CT per- 
formance. 


STEP | Assume a CT secondary output current I’. 

STEP2 Compute E’ = (Z' + Zp)’. 

STEP 3 Using E’, find I, from the excitation curve. 

STEP4 Compute I = n(I' + I). 

STEP 5 Repeat Steps 1—4 for different values of I’, then plot I’ versus I. 


For simplicity, approximate computations are made with magnitudes rather 
than with phasors. Also, the CT error is the percentage difference between 
(I' + Ie) and I’, given by: 





CT error = 7 : x 100% (10.2.2) 


c 
t I. 


The following examples illustrate the procedure. 


EXAMPLE 10.1 
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Current transformer (CT) performance 


Evaluate the performance of the multiratio CT in Figure 10.8 with a 100:5 
CT ratio, for the following secondary output currents and burdens: (a) I’ = 5 
A and Zp — 0.5 Q; (b) I'=8 A and Zg =0.8 Q; and (c) I' 215 A and 


| Zg — 1.5 Q. Also, compute the CT error for each output current, 


SOLUTION From Figure 10.8, the CT with a 100:5 CT ratio has a second- 
ary resistance Z’ = 0.082 Q. Completing the above steps: 


a. STEP |! l'-5A 
STEP2 From Figure 10.7, 
E' = (Z' + Zg)l' = (0.082 + 0.5)(5) = 2.91 V 
STEP3 From Figure 10.8, T, = 0.25 A 
STEP4 From Figure 10.7, I = (100/5)(5 + 0.25) = 105 A 


0.25 
CT error = 5.25 x 100 = 4.8% 


b. STEPI ['=8A 
STEP 2 From Figure 10.7, 


E/ = (Z' 4 Zp)I' = (0.082 + 0.8)(8) = 7.06 V 


STEP 3 From Figure 10.8, I, = 0.4 A 
STEP4 From Figure 10.7, I = (100/5)(8 + 0.4) = 168 A 


CT error = - x 100 = 4.8% 


c. STEP] I'2154A 
STEP2 From Figure 10.7, 


E’ = (Z' + Zg)l' = (0.082 + 1.5)(15) = 23.73 V 


STEP 3 From Figure 10.8, Ie = 20A 
STEP 4 From Figure 10.7, I = (100/5)(15 + 20) = 700 A 


2 
CT error = = x 100 = 57.1% 


Note that for the 15-A secondary current in (c), high CT saturation 
causes a large CT error of 57.1%. Standard practice is to select a CT ratio to 
give a little less than 5-A secondary output current at maximum normal load. 
From (a), the 100:5 CT ratio and 0.5 Q burden are suitable for.a maximum 
prmary load current of about 100 A. This example is extended in Problem 
10.2 to obtain a plot of I’ versus I. N 
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EXAMPLE 10.2 


10.3 


Relay operation versus fault current and CT burden 


An overcurrent relay set to operate at 8 A is connected to the multiratio CT 
in Figure 10.8 with a 100:5 CT ratio. Will the relay detect a 200-A primary 
fault current if the burden Zp is (a) 0.8 Q, (b) 3.0 Q? 


SOLUTION Note that if an ideal CT is assumed, (100/5) x 8 = 160-A pri- 
mary current would cause the relay to operate. 


a. From Example 10.1(b), a 168-A primary current with Zg = 0.8 Q pro- 
duces a secondary output current of 8 A, which would cause the relay to 
operate. Therefore, the higher 200-A fault current will also cause the relay 
to operate. 


bh STEP! ['=8A 
STEP2 From Figure 10.7, 


E’ = (Z' + Zg) = (0.05 + 3.0)(8) 2244 V 


STEP 3 From Figure 10.8, T, = 30 A 
STEP 4 From Figure 10.7, I = (100/5)(8 + 30) = 760 A 


With a 3.0-Q burden, 760 A is the lowest primary current that causes the 
relay to operate. Therefore, the relay will not operate for the 200-A fault 
current. a 


OVERCURRENT RELAYS 


As shown in Figure 10.1, the CT secondary current J’ is the input to the 
overcurrent relay operating coil. Instantaneous overcurrent relays respond to 
the magnitude of their input current, as shown by the trip and block regions 
in Figure 10.9, If the current magnitude I’ = |J’| exceeds a specified adjust- 
able current magnitude I,, called the pickup current, then the relay contacts 
close “instantaneously” to energize the circuit breaker trip coil. If I’ is less 
than the pickup current I,, then the relay contacts remain open, blocking the 
trip coil. 

Time-delay overcurrent relays also respond to the magnitude of their 
input current, but with an intentional time delay. As shown in Figure 10.10, 
the time delay depends on the magnitude of the relay input current. If I’ is a 
large multiple of the pickup current Ip, then the relay operates (or trips) after 
a small time delay. For smaller multiples of pickup, the relay trips after a 
longer time delay. And if I’ < Ip, the relay remains in the blocking position. 
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FIGURE 10.9 
Instantaneous 
overcurrent relay block 
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FIGURE 10.10 


Time-delay overcurrent 
relay block and trip 
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FIGURE [0.11 


Flectromechanical 
time-delay overcurrent 
relay (Courtesy of 

A BB-Westinghouse) 





The ABB-Westinghouse series of CO relays, one of which is shown in 
Figure 10.11, is a typical time-delay overcurrent relay product line. Charac- 
teristic curves of the CO-8 relay are shown in Figure 10.12. These relays have 
two settings: 


Current tap setting: The pickup current in amperes. 
Time-dial setting: The adjustable amount of time delay. 


The characteristic curves are usually shown with operating time in sec- 
onds versus relay input current as a multiple of the pickup current. The 
curves are asymptotic to the vertical axis and decrease with some inverse 
power of current magnitude for values exceeding the pickup current. This in- 
verse time characteristic can be shifted up or down by adjustment of the time- 
dial setting. Although discrete time-dial settings are shown in Figure 10.12, 
intermediate values can be obtained by interpolating between the discrete 
curves. 
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FIGURE 10.12 


CO-8 time-delay 
overcurrent relay 


characteristics (Courtesy 
of Westinghouse Electric 
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Relay input currant in multiples of current tap setting 


EXAMPLE 10.3 Operating time for a CO- 


delay overcurrent relay 


8 time- 


The CO-8 relay with a current tap setting of 6 amperes and a time-dial set- 


the 100:5 CT in Example 10.1. Determine the relay 


operating time for each case. 


ting of 1 is used with 


SOLUTION 


a. From Example 10.1(a) 


The relay does not operate. It remains jn the blocking position. 


Using curve 1 in Figure 10.12, toperming = 6 seconds. 


From curve 1, foperating = 1.2 seconds. 
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FIGURE 10.13 


Comparison of CO relay 


characteristics (Courtesy 
of ABB-Westinghouse) 


FIGURE 10.14 


Electromechanical time- 
delay overcurrent 
relay—induction disc 


type 





Relay Characteristic 


CO-6 Definite 

CO-7 Moderately inverse 
CO-8 Inverse 

CO-9 Very inverse 

CO-11 Extremely inverse 


Time in seconds 





Multiples of pickup 


Figure 10.13 shows the time-current characteristics of five CO time- 
delay overcurrent relays used in transmission and distribution lines, The time- 
dial settings are selected 1n the figure so that all relays operate in 0.2 seconds 
at 20 times the pickup current. The choice of relay time-current characteristic 
depends on the sources, lines, and loads. The definite (CO-6) and moderately 
inverse (CO-7) relays-maintain a relatively constant operating time above 10 
times pickup. The inverse (CO-8), very inverse (CO-9), and extremely inverse 
(CO-11) relays operate respectively faster on higher fault currents. 

Figure 10.14 illustrates the operating principle of an electromechanical 
time-delay overcurrent relay. The ac input current to the relay operating coil. 
sets up a magnetic field that 1s perpendicular to a conducting aluminum disc. 
The disc can rotate and is restrained by a spiral spring. Current is induced tn 
the disc, interacts with the magnetic field, and produces a torque. If the input 
current exceeds the pickup current, the disc rotates through an angle @ to 
close the relay contacts. The larger the input current, the larger is the torque 
and the faster the contact closing. After the current 1s removed or reduced 
below the pickup, the spring provides reset of the contacts. 

A solid state relay panel between older-style electromechanical relays is 
shown 1n Figure 10.15. 


Spiral spring 





(a) Top view (b) Side view 


FIGURE 10.15 


Solid-state relay panel 
(center) for a 345-kV 
transmission line, with 
electromechanical relays 
on each side, at Electric 
Junction Substation, 
Naperville, Illinois 
(Courtesy of 
Commonwealth Edison, 
an Exelon Company) 
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FIGURE 10.16 


Single-Jine diagram of a 


34.5-kV radial system CH 
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RADIAL SYSTEM PROTECTION 


Many radial systems are protected by time-delay overcurrent relays. Adjust- 
able time delays can be selected such that the breaker closest to the fault 
opens, while other upstream breakers with larger time delays remain closed. 
That is, the relays can be coordinated to operate in sequence so as to inter- 
rupt minimum load during faults. Successful relay coordination is obtained 
when fault currents are much larger than normal load currents. Also, coordi- 
nation of overcurrent relays usually limits the maximum number of breakers 
in a radial system to five or less, otherwise the relay closest to the source may 
have an excessive time delay. 

Consider a fault at P; to the right of breaker B3 for the radial system of 
Figure 10.16. For this fault we want breaker B3 to open while B2 (and BI) 


B3 





P1 
345kVA / 34.5kV TA 
L1 L2 L3 
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EXAMPLE 10.4 


TABLE [0.3 


Maximum loads— 
Example 10.4 


TABLE 10.4 


Symmetrical fault 
currents — Example 10.4 


remains closed. Under these conditions, only load L3 1s interrupted. We 
could select a longer time delay for the relay at B2, so that B3 operates first. 
Thus, for any fault to the right of B3, B3 provides primary protection. Only 
if B3 fails to open will B2 open, after time delay, thus providing backup pro- 
tection. 

Simularly, consider a fault at P» between B2 and B3. We want B2 to 
open while Bl remains closed. Under these conditions, loads L2 and L3 are 
interrupted. Since the fault 1s closer to the source, the fault current will be 
larger than for the previous fault considered. B2, set to open for the previous, 
smaller fault current after time delay, will open more rapidly for this fault. 
We also select the B1 relay with a longer time delay than B2, so that B2 
opens first. Thus, B2 provides primary protection for faults between B2 and 
B3, as well as backup protection for faults to the right of B3. Similarly, Bl 
provides primary protection for faults between Bl and B2, as well as backup 
protection for further downstream faults. 

The coordination time interval 1s the time interval between the primary 
and remote backup protective devices. It 1s the difference between the time 
that the backup relaying operates and the time that circuit breakers clear the 
fault under primary relaying. Precise determination of relay operating times 
is complicated by several factors, including CT error, dc offset component 
of fault current, and relay overtravel. Therefore, typical coordination time 
intervals from 0.2 to 0.5 seconds are selected to account for these factors in 
most practical applications. 


Coordinating time-delay overcurrent relays in a radial system 


Data for the 60-Hz radial system. of Figure 10.16 are given in Tables 10.3, 
10.4, and 10.5. Select current tap settings (TSs) and time-dial settings (TDSs) 
to protect the system from faults. Assume three CO-8 relays for each breaker, 


S 
Bus MVA Lagging p.f. 
l 11.0 l " 0.95 
2 40 0.95 
3 6.0 0.95 
Maximum Fault Current . Minimum Fault Current 
(Bolted Three-Phase) l (L-G or L-L) 
Bus A A 
1 3000 2200 
2 2000 1500 


3 1000 700 


TABLE 10.5 


Breaker, CT, and relay 


data—Example 10.4 


FIGURE 10.17 


Relay connections to 
trip all three phases 
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Breaker Breaker Operating Time CT Ratio Relay 


Bl 5 cycles 400 :5 CO-8 
B2 5 cycles 2300:5 CO-8 
B3 5 cycles 200:5 CO-8 


Three-phase 





breaker 
| 
CT A | 
? ory, = : . 
CT h | 


Breaker 
trip coil 





one for each phase, with a 0.3-second coordination time interval. The relays 
for each breaker are connected as shown in Figure 10.17, so that all three 
phases of the breaker open when a fault is detected on any one phase. As- 
sume a 34.5-kV (line-to-line) voltage at all buses during normal operation. 
Also, future load growth 1s included in Table 10.3, such that maximum loads 
over the operating life of the radial system are given in this table. 


SOLUTION First, select TSs such that the relays do not operate for maxi- 
mum load currents. Starting at B3, the primary and secondary CT currents 
for maximum load L3 are 


Sra 6 x 106 
I; = ——2 = —— = 1004 A 
2 "W4V3 (34.5 x 103) V3 
100.4 -251A 


L3 ^ (200/5) 
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From Figure 10.12, we select for the B3 relay a 3-A TS, which is the lowest 
TS above 2.51 A. 
Note that |S15 + S13| = IS12| + [S13| because the load power factors are 
identical. Thus, at B2, the primary and secondary CT currents for maximum 
load are 


6 
Ip = set Sia _ GROE ianua 
VoV/3 . (345x103)3 


polo 1873 
L2 1200753 


From Figure 10.12, select for the B2 relay a 5-A TS, the lowest TS 
above 4.18 A. At BI, 


| Su + Sp + 813 (11 4 4-6) x 10° 


=418A 


I = = 351.4 A 
AENA (34.5 x 103) V3 

, 035814 | | 

li = (xps = 49^ 


Select a 5-A TS for the Bl-relay... 

Next select the TDSs. We first coordinate for the n maximum fault cur- 
rents in Table 10.4, checking coordination for minimum fault currents later. 
Starting at B3, the largest fault current through B3 is 2000 A, which occurs 
for the three-phase fault at bus 2 (just to the right of B3). Neglecting CT sat- 
uration, the fault-to-pickup current ratio at B3 for this fault is 

I Fault _ 2000/(200/5) _ 16.7 

TS3 . 3 a 
Since we want to clear faults as rapidly as possible, select a 1/2 TDS for the 
B3 relay. Then, from the 1/2 TDS curve in Figure 10.12, the relay operating 
time is T3 = 0.05 seconds, Adding the breaker operating time (5 cycles = 
0.083 s), primary protection clears this fault in T3 + Threaker = 0.05 + 0.083 = 
0.133 seconds. 

For this same fault, the fault-to-pickup current ratio at B2 is 


Desi _ 2000/(200/5) 
TS2 5 
Adding the B3 relay operating time (T3 = 0.05 s), breaker operating 


= 10.0 


time (0.083 s), and 0.3 s coordination time interval, we want a B2 relay oper- 


ating time 
T2 = T3 + Tureaker + Teoordination = 0.05 + 0.083 + 0.3 220.43 s 


From Figure 10.12, select TDS2 = 2. 

Next select the TDS at B1. The largest fault current through B2 is 3000 
A, for a three-phase fault at bus 1 (just to the nght of B2). The fault-to- 
pickup current ratio at B2 for this fault 1s 


TABLE 10.6 
Solution—Example 10.4 
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Breaker Relay " TS TDS 


Bl CO-8 5 dE 3 
B2 CO-8 5 2 
B3 CO-8 3 2 
2Fault _ 3000/(200/5) 2150 
TS2 5 


From the 2 TDS curve in Figure 10.12, T2 = 0.38 s. For this same fault, 


‘rau ~ 3000/(400/5) _ 
TS1 5 l 


T1 = T2 + Threaker + Tecordination = 0.38 + 0.083 + 0.3 + 0.76 s 


From Figure 10.12, select TDS1 = 3. The relay settings are shown in Table 
10.6. Note that for reliable relay operation the fault-to-pickup current ratios 
with minimum fault currents should be greater than 2. Coordination for min- 
imum fault currents listed in Table 10.4 is evaluated in Problem 10.11. [1 


Note that separate relays are used for each phase in Example 10.4, and 
therefore these relays will operate for three-phase as well as line-to-line, single 
line-to-ground, and double line-to-ground faults. However, in many cases 
single line-to-ground fault currents are much lower than three-phase fault 
currents, especially for distribution feeders with high zero-sequence imped- 


. ances. In these cases a separate ground relay with a lower current tap setting 


than the phase relays is used. The ground relay 1s connected to operate on 
Zero-sequence current from three of the phase CTs connected in parallel or 
from a CT in the grounded neutral. 


RECLOSERS AND FUSES 


Automatic circuit reclosers are commonly used for distribution circuit pro- 
tection. A recloser is a self-controlled device for automatically interrupting 
and reclosing an ac circuit with a preset sequence of openings and reclosures. 
Unlike circuit breakers, which have separate relays to control breaker open- 
ing and reclosing, reclosers have built-in controls. More than 80% of faults 
on overhead distribution circuits are temporary, caused by tree lintb contact, 
by animal interference, by wind brnging bare conductors in contact, or by 
lightning. The automatic tripping-reclosing sequence of reclosers clears these 
temporary faults and restores service with only momentary outages, thereby 
significantly improving customer service. A disadvantage of reclosers is the 
increased hazard when a circuit 1s physically contacted by people—for exam- 
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FIGURE 10.18 


Single-line diagram of a 
13.8-kV radial 
distribution feeder with 
fuse/recloser/relay 
protection 


TABLE 10.7 


Data for Figure 10.18 





load 3 load 2 load 1 





Phase = 
relays 


ple, in the case of a broken conductor at ground level that remains energized. 
Also, reclosing should..be locked out during live-line maintenance by utility 
personnel. 

Figure 10.18 shows a common protection scheme for radial distribution 
circuits utilizing fuses, reclosers, and time-delay overcurrent relays. Data for 
the 13.8-kV feeder in this figure is given in Table 10.7. There are three load 
taps protected by fuses. The recloser ahead of the fuses is set to open and re- 
close for faults up to and beyond the fuses. For temporary faults the recloser 
can be set for one or more mstantaneous or time-delayed trips and reclosures 
in order to clear the faults and restore service. If faults persist, the fuses oper- 
ate for faults to their right (downstream), or the recloser opens after time 
delay and locks out for faults between the recloser and fuses. Separate time- 
delay overcurrent phase and ground relays open the substation breaker after 
multiple reclosures of the recloser. 

Coordination of the fuses, recloser, and time-delay overcurrent relays is 
shown via the time-current curves in Figure 10.19. Type T (slow) fuses are 
selected because their time-current characteristics coordinate well with re- 
closers. The fuses are selected on the basis of maximum loads served from the 
taps. A 65 T fuse is selected for the bus | tap, which has a 60-A maximum 


Maximum Load ; 39 Fault IL-G Fault 





Bus Current A Current A ` Current A 
Í 60 1000 850 
2 95 1500 1300 
3 95 2000 1700 
4 250 3000 2600 
5 250 4000 4050 


FIGURE [0.19 


Time-current curves for 
the radial distribution 
circuit of Figure 10.18 
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load current, and 100 T is selected for the bus 2 and 3 taps, which have 95-A 
maximum load currents. The fuses should also have a rated voltage larger 
than the maximum bus voltage and an interrupting current rating larger than 
the maximum asymmetrical fault current at the fuse location. Type T fuses 
with voltage ratings of 15 kV and interrupting current ratings of 10 kA and 
higher are standard. 

Standard reclosers have minimum trip ratings of 50, 70, 100, 140, 200, 
280, 400, 560, 800, 1120, and 1600 A, with voltage ratings up to 38 kV and 
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EXAMPLE [0.5 


maximum interrupting currents up to 16 KA. A minimum trip rating of 200- 
250% of maximum load current is typically selected for the phases, in order 
to override cold load pickup with a safety factor. The minimum trip rating of 
the ground unit 1s typically set at maximum load and should be higher than 
the maxymum allowable load unbalance. For the recloser in Figure 10.18, 
which carries a 250-A maximum load, minimum trip ratings of 560 A for 
each phase and 280 A for the ground unit are selected. 

A popular operation sequence for reclosers 1s two fast operations, with- 
out intentional time delay, followed by two delayed operations. The fast op- 
erations allow temporary faults to self-clear, whereas the delayed operations 
allow downstream fuses to clear permanent faults. Note that the time-current 
curves of the fast recloser lie below the fuse curves in Figure 10.19, such that 
the recloser opens before the fuses melt. The fuse curves lie below the delayed 
recloser curves, such that the fuses clear before the recloser opens. The re- 
closer is typically programmed to reclose ! 5 s after the first fast trip, 2 s after 
the second fast trip, and 5-10 s aftex a delayed trip 

Time-delay overcurrent relays with an m. inverse characteristic 


. coordinate with both reclosers and type T fuses. A 300:5 CT ratio is selected 


to give a secondary current of 250 x (5/300) — 4.17 A at maximum load. 
Relay settings are selected to allow the recloser_to operate effectively to clear 
faults before relay operation. A current tap setting of 9 A is selected for the 
CO-1] phase relays so that minimum pickup exceeds twice the maximum 
load. A time-dial setting of 2 is selected so that the delayed recloser trips at 
least 0.2 s before the relay. The ground relay is set with a current tap setting 
of 4 A and a time-dial setting of 1. 


Fuse/recloser coordination 


For the system of Figure 10.18, describe the operating sequence of the pro- 
tective devices for the following faults: (a) a self-clearing, temporary, three- 
phase fault on the load side of tap 2; and (b) a permanent three-phase fault 
on the load side of tap 2. 


SOLUTION 


a. From Table 10.7, the three-phase fault current at bus 2 is 1500 A. From 
Figure 10.19, the 560-A fast recloser opens 0.05 s after the 1500-A fault 
current occurs, and then recloses i s later. Assuming the fault has self- 
cleared, normal service 1s restored. During the 0.05-s fault duration, the 
100 T fuse does not melt. 


b. For a permanent fault the fast recloser opens after 0.05 s, recloses 5 s later 
into the permanent fault, opens again after 0.05 s, and recloses into the 
fault a second time after a 2-s delay. Then the 560-A delayed recloser 
opens 3 seconds later. During this interval the 100 T fuse clears the fault. 
The delayed recloser then recloses 5 to 10 s later, restoring service to loads 
| and 3. E 
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FIGURE 10.20 


Directional relay in 
series with overcurrent 
relay (only phase A is 
shown) 
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DIRECTIONAL RELAYS 


Directional relays are designed to operate for fault currents in only one di- 
rection. Consider the directional relay D in Figure 10.20, which is required to 
operate only for faults to the right of the CT. Since the line impedance 1s 
mostly reactive, a fault at P, to the right of the CT will have a fault current 7 
from bus | to bus 2 that lags the bus voltage V by an angle of almost 90°. 
This fault current is said to be in the forward direction. On the other hand, a 
fault at P», to the left of the CT, will have a fault current J that leads V by 
almost 90°. This fault current is said to be in the reverse direction. 

The directional relay has two inputs: the reference voltage V = V/0°, 
and current J = I/@. The relay trip and block regions, shown in Figure 10.21, 
can be described by 


—180 < (@=¢,)< 0° (Trip) 
Otherwise. (Block) (10:6:1) 


where $ is the angle of the current with respect to the voltage and ¢,, typi- 
cally 2° to 8°, defines the boundary between the trip and block regions. 

The contacts of the overcurrent relay OC and the directional relay D 
are connected in series in Figure 10.20, so that the breaker trip coil is ener- 
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FIGURE 10.21 


Directional relay block 
and trip regions in the 
complex plane 
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gized only when the CT secondary current (1) exceeds the OC relay pickup 
value, and (2) is in the forward tripping direction. 

Although construction details differ, the operating principle of an elec- 
tromechanical directional relay is similar to that of a watt-hour meter. There 
are two input coils, a voltage coil and a current coil, both located on a stator, 
and there is a rotating disc element. Suppose that the reference voltage is 
passed through a phase-shifting element to obtain V, = V/@, — 90°. If V; and 
I = I/$ are applied to a watt-hour meter, the torque on the rotating element 
iS 

T = kVI cos(¢, — ¢ — 90°) = KVI sin(¢, — ¢) (10.6.2) 


Note that for faults in the forward direction the current lags the voltage, and 
the angle (¢, — Æ) in (10.6.2) is close to 90°. This results in maximum positive 
torque on the rotating disc, which would cause the relay contacts to close. On 
the other hand, for faults in the reverse direction the current leads the volt- 
age, and (¢, — 9) is close to —90°. This results in maximum negative torque 
tending to rotate the disc element in the backward direction. Backward mo- 
tion can be restrained by mechanical stops. 


PROTECTION OF TWO-SOURCE SYSTEM WITH 
DIRECTIONAL RELAYS 


It becomes difficult and 1n some cases impossible to coordinate overcurrent 
relays when there are two or more sources at different locations. Consider the 


"system with two sources shown in Figure 10.22. Suppose there is a fault at 


Pi. We want B23 and B32 to clear the fault so that service to the three loads 


FIGURE 10.22 


System with two sources 
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Load L1 Load L2 Load L3 


continues without interruption. Using time-delay overcurrent relays, we could 


set B23 faster than B21. Now consider a fault at P> instead. Breaker B23 will 
open faster than B21, and load L2 will be disconnected. When a fault can be 
fed from both the left and right, overcurrent relays cannot be coordinated. 
However, directional relays can be used to overcome this problem. 


Two-source system protection with directional and time-delay 
overcurrent relays 


Explain how directional and time-delay overcurrent relàys can be used to 
protect the system 1n Figure 10.22. Which relays should be coordinated for a 
fault (a) at P4, (b) at P5? (c) Is the system also protected against bus faults? 


SOLUTION Breakers B12, B21, B23, and B32 should respond only to faults 
on their "forward" or “Dne” sides. Directional overcurrent relays connected 
as shown in Figure 10.20 can be used for these breakers. Overcurrent relays 
alone can be used for breakers Bl and B3, which do not need to be direc- 
tional. 


a. For a fault at P;, the B21 relay would not operate; B12 should coordinate 
with B23 so that B23 trips before B12 (and B1). Also, B3 should coordi- 
nate with B32. 

b. For a fault at P2, B23 would not operate; B32 should coordinate with B21 
so that B21 trips before B32 (and B3). Also, BI should coordinate with 
B12. | 

c. Yes, the directional overcurrent relays also protect the system against bus 
faults. If the fault is at bus 2, relays at B21 and B23 will not operate, but 
B12 and B32 will operate to clear the fault. BI and B21 will operate to 
clear a fault at bus 1. B3 and B23 will clear a fault at bus 3. E 


ZONES OF PROTECTION 


Protection of simple systems has been discussed so far. For more general 
power systern configurations, a fundamental concept is the division of a sys- 


516 CHAPTER 10 





SYSTEM PROTECTION 





i 
J 
-= i— a ee -— o -— oe + = = m 
l Zone 2 l 
gom puc ! 
i Zone 1 ! i 
l | t ) 
[ 
| ! | 
l i | l 
| l j r 
l I 
"es ees ee Ao 
ee ieee ae a Se 
Zone 3 


— P ee 


FIGURE 10.23 


i 
zone 4 i 
| (ee Ü du ee ` 
' i Zone 7 i ' Zone 9 | 
— — — =] = ——— —— — mI cL ae -— — — m ü 

| l | 
l | Zone 8 | | 
1 l 1 l 
l ! 
i t I 
[ l l 
! i 
ae a NE E prema? i 
! 


ome wi c -— X 


— — y NER HR m = e w e — —— — 





Power system protective zones 


tem into protective zones [1]. If a fault occurs anywhere within a zone, action 
will be taken to isolate that zone from the rest of the system. Zones are de- 
fined for: 


generators, 

transformers, 

buses, 

transmission and distribution lines, and 


motors. 


Figure 10.23 illustrates the protective zone concept. Each zone is de- 
fined by a closed, dashed line. Zone 1, for example, contains a generator and 
connecting leads to a transformer. In some cases a zone may contain more 
than ohe component. For example, zone 3 contains a generator-transformer 
unit and connecting leads to a bus, and zone 10 contains a transformer and a 
line. Protective zones have the following characteristics: 


Zones are overlapped. 
Circuit breakers are located in the overlap regions. 


For a fault anywhere in a zone, all circuit breakers in that zone open to 
isolate the fault. 


FIGURE 10.24 


Overlapping protection 


around a circuit breaker 


EXAMPLE 10.7 


SECTION 10.8 ZONES OF PROTECTION 517 


t — — A eee oe SR — y m m m p om, 


— n a -n 


| 


CT for zone 1 


l 
CT for zone 2 i 
! ] 


khe u m m e e c 2] G u o E so Hed 


Neighboring zones are overlapped to avoid the possibility of unpro- 
tected areas. Without overlap the small area between two neighboring zones 
would not be located in any zone and thus would not be protected. 

Since isolation during faults is done by circuit breakers, they should be 
inserted between equipment in a zone and each connection to the system. 
That is, breakers should be inserted in each overlap region. As such, they 
identify the boundaries of protective zones. For example, zone 5 in Figure 
10.23 is connected to zones 4 and 7. Therefore, a circuit breaker is located in 
the overlap region between zones 5 and 4, as well as between zones 5 and 7. 

If a fault occurs anywhere within a zone, action is taken to open all 
breakers in that zone. For example, if a fault occurs at P4 on the line in zone 
5, then the two breakers in zone 5 should open. If a fault occurs at P» within 
the overlap region of zones 4 and 5, then all five breakers in zones 4 and 5 
should open. Clearly, if a fault occurs within an overlap region, two zones 
will be isolated and a larger part of the system will be lost from service. To 
minimize this possibility, overlap regions are kept as small as possible. 

Overlap is accomplished by having two sets of instrument transformers 
and relays for each circuit breaker. For example, the breaker in Figure 10.24 
shows two CTs, one for zone | and one for zone 2. Overlap is achieved by 
the order of the arrangement: first the equipment in the zone, second the 
breaker, and then the CT for that zone. 


Zones of protection 


Draw the protective zones for the power system shown in Figure 10.25. 
Which circuit breakers should open for a fault at P4? at P5? 


SOLUTION Noting that circuit breakers identify zone boundaries, protective 
zones are drawn with dashed lines as shown in Figure 10.26. For a fault at 
P1, located in zone 5, breakers B24 and B42 should open. For a fault at P», 
located in the overlap region of zones 4 and 5, breakers B24, B42, B21, and 
B23 should open. | | 
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FIGURE 10.27 


345-kV transmission 
loop 


LINE PROTECTION WITH IMPEDANCE (DISTANCE) 
RELAYS 


Coordinating time-delay overcurrent relays can also be difficult for some 
radial systems. If there are too many radial lines and buses, the time delay for 
the breaker closest to the source becomes excessive. 

Also, directional overcurrent relays are difficult to coordinate 1n trans- 
mission loops with multiple sources. Consider the use of these relays for the 
transmission loop shown in Figure 10.27. For a fault at P1, we want the B21 
relay to operate faster than the B32 relay. For a fault at P2, we want B32 
faster than B13. And for a fault at P3, we want B13 faster than B21. Proper 
coordination, which depends on the magnitudes of the fault currents, be- 
comes a tedious process. Furthermore, when consideration is given to various 
lines or sources out of service, coordination becomes extremely difficult. 

To overcome these problems, relays that respond to a voltage-to- 
current ratio can be used. Note that during a three-phase fault, current in- 
creases while bus voltages close to the fault decrease. If, for example, current 
increases by a factor of 5 while voltage decreases by a factor of 2, then the 
voltage-to-current ratio decreases by a factor of 10. That is, the voltage-to- 
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FIGURE 10.28 


Impedance relay block 
and trip regions 


Block 


Normal 
operation 
o 


R = ReZ 








current ratio is more sensitive to faults than current alone. A relay that oper- 


ates on the basis of voltage-to-current ratio is called an impedance relay. It is 


also called a distance relay or a ratio relay. 
Impedance relay block and trip regions are shown in Figure 10.28, 
where the impedance Z is defined as the voltage-to-current ratio at the relay 


location. The relay trips for |Z| < |Z;|, where Z, is an adjustable relay set- 


ting. The tmpedance circle that defines the border between the block and trip 
regions passes through Z;. 

A straight line called the line impedance locus is shown for the imped- 
ance relay in Figure 10.28. This locus 1s a plot of positive sequence line im- 
pedances, predominantly reactive, as viewed between the relay location and 
various points along the line. The relay setting Z, is a point in the R-X plane 
through which the impedance circle that defines the trip-block boundary must 
pass. 

Consider an impedance relay for breaker B12 in Figure 10.27, for 
which Z = Vi/I;;. During normal operation, load currents are usually much 
smaller than fault currents, and the ratio Z has a large magnitude (and some 
arbitrary phase angle). Therefore, Z will lie outside the circle of Figure 10.28, 
and the relay will not trip during normal operation. 

During a three-phase fault at P,, however, Z appears to relay B12 to be 
the line impedance from the B12 relay to the fault. If |Z,| in Figure 10.28: is 
set to be larger than the magnitude of this impedance, then the B12 relay will 
trip. Also, during a three-phase fault at P4, Z appears to relay B12 to be the 
negative of the line impedance from the relay to the fault. If |Z,| is larger 
than. the magnitude of this impedance, the B12 relay will trip. Thus, the 1m- 
pedance relay of Figure 10.28 is not directional; a fault to the left or rightiof 
the relay can cause a trip. 

Two ways to include directional capability with an impedance relay are 
shown in Figure 10.29. In Figure 10.29(a), an impedance relay with direc- 
tional restraint is obtained by including a directional relay in series with an - 
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(a) Impedance relay with directional restraint (b) Modified impedance relay (mho relay) 


FIGURE 10.29 


Impedance relays with directional capability 


impedance relay, just as was done previously with an overcurrent relay. In 
Figure 10.29(b), a modified impedance relay 1s obtained by offsetting the 
center of the impedance circle from the origin. This modified impedance relay 
is sometimes called a Mho relay. If either of these relays is used at B12 in 
Figure 10.27, a fault at Pj will result in a trip decision, but a fault at P5 will 
result in a block decision. 

Note that the radius of the impedance circle for the modified impedance 
relay ts half of the corresponding radius for the impedance relay with direc- 
tional restraint. The modified impedance relay has the advantage of better 
selectivity for high power factor loads. For example, the high power factor 
load Zi lies outside the trip region of Figure 10.29(b) but inside the trip re- 
gion of Figure 10.29(a). 

The reach of an impedance relay denotes how far down the line the 
relay detects faults. For example, an 80% reach means that the relay will 
detect any (solid three-phase) fault between the relay and 80% of the line 
length. This explains the term distance relay. 

It i common practice to use three directional 1mpedance relays per 
phase, with increasing reaches and longer time delays. For example, Figure 
10.27 shows three protection zones for B12. The zone | relay 1s typically set 
for an 80% reach and instantaneous operation, in order to provide primary 
protection for line 1—2. The zone 2 relay is set for about 120% reach, extend- 
ing beyond bus 2, with a typical time delay of 0.2 to 0.3 seconds. The zone 2 
relay provides backup protection for faults on line 1~2 as well as remote 
backup for faults on line 2-3 or 2-4 in zone 2. 

Note that in the case of a fault on line 2-3 we want the B23 relay to 
trip, not the B12 relay. Since the impedance seen by B12 for faults near bus 2, 
either on line 1—2 or line 2-3, is essentially the same, we cannot set the B12 
zone | relay for 100% reach. Instead, an 80% reach 1s selected to avoid in- 
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FIGURE 10.30 


Three-zone, directional 
impedance relay 





(b) Modified impedance relay (mho relay) 


stantaneous operation of B12 for a fault on line 2-3 near bus 2. For example, 
if there is a fault at P» on line 2—3, B23 should trip instantaneously; if it fails, 
B12 will trip after time delay. Other faults at or near bus 2 also cause tripping 
of the B12 zone 2 relay after time delay. 

Reach for the zone 3 B12 relay is typically set to extend beyond buses 3 
and 4 in Figure 10.27, in order to provide remote backup for neighboring 
lines. As such, the zone 3 reach is set for 100% of line 1-2 plus 120% of either 
line 2—3 or 2-4, whichever is longer, with an even larger time delay, typically 
one second. 

Typical block and trip regions are shown in Figure 10.30 for both types 
of three-zone, directional impedance relays. Relay connections for a three- 
zone impedance relay with directional restraint are shown in Figure 10.31. 
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FIGURE. 10.31 Three phase 
RE C breaker contacts 
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three-zone directional 
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Breaker 
trip coil 
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T2 : zone 2 timing relay 


T3 : zone 3 timing relay 


EXAMPLE 10.8  Three-zone impedance relay settings 


Table 10.8 gives positive-sequence line impedances as well as CT and VT 
ratios at B12 for the 345-kV system shown 1n Figure 10.27. (a) Determine the 
settings Z,1, Zr, and Zy for the B12 three-zone, directional impedance relays 
connected as shown in Figure 10.31. Consider only solid, three-phase faults. 


TABLE [0.8 Positive-Sequence Impedance 
Line Q 
Data for Example 10.8 

j33 8 +550 

2-3 8 + 50 

2-4 33433 

1-3 4.3 + j27 

Breaker CT Ratio VT Ratio 


B12 1500:5 3000: I 
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(b) Maximum current for line 1-2 during emergency loading conditions is 
[500 A at a power factor of 0.95 lagging. Verify that B12 does not trip dur- 
ing normal and emergency loadings. 


SOLUTION 


a. Denoting Vin as the line-to-neutral voltage at bus 1 and J, as the line 
current through B12, the primary impedance Z viewed at B12 1s 


Vin 


veo 
fy 


Using the CT and VT ratios given in Table 10.8, the sae! impedance 
viewed by the B12 impedance relays is 


3000 
wl CT) iz 
Z' 


— — 
ra 


7 1500\ 10 
al (>) 


We set the B12 zone | relay for 80% reach, that 18, 80% of the line 1-2 
(secondary) impedance: 


Zi = 0.80(8 + ]50)/10 = 0.64 + j4 = 4.05/80.9° Q secondary 
Setting the B12 zone 2 relay for 120% reach: 
Zy = 1.2(8 + j50)/10 = 0.96 + j6 = 6.08/80.9° Q secondary 


From Table 10.8, line 2-4 has a larger impedance than line 2-3. There- 
fore, we set the B12 zone 3 relay for 100% reach of line 1-2 plus 120% 
reach of line 2-4. 


Zi; = 1.0(8 + j50)/10 + 1.2(5.3 + j33)/10 
= 1.44 + 38.96 = 9.07/80.9° OQ secondary 


b. The secondary impedance viewed by B12 during emergency loading, 
using Viw = 345/V/3/0° = 199.2/0° kV and J, = 1500/—cos-} (0.95) = 
1500/ —18.19? A, is 


Z/10 meee 10 = 13.28/18.19° Q d 
Qc 2/10 = (soy 18.1 TROL cc 


Since this impedance exceeds the zone 3 setting of 9.07/80.9° Q, the im- 
pedance during emergency loading lies outside the trip regions of the 
three-zone, directional impedance relay. Also, lower line loadings during 
normal operation will result in even larger impedances farther away from 
the trip regions. B12 will trip during faults but not during normal and 
emergency loadings. B 
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FIGURE 10.32 


Differential relaying for 


generator protection 
(protection for one 
phase shown) 
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Remote backup protection of adjacent lines using zone 3 of'an imped- 
ance relay may be ineffective. In practice, buses have multiple lines of differ- 
ent lengths with sources at their remote ends. Contributions to fault currents 
from the multiple lines may cause the zone 3 relay to underreach. This "in- 
feed effect" is illustrated in Problem 10.21. : 

The impedance relays considered so far use line-to-neutral voltages and 
line currents and are called ground fault relays. They respond to three-phase, 
single line-to-ground, and double lme-to-ground faults very effectively. The 
impedance seen by the relay during unbalanced faults will generally not be 
the same as seen during three-phase faults and will not be truly proportional 
to the distance to the fault location. However, the relay can be accurately set 
for any fault location after computing impedance to the fault using fault cur- 
rents and voltages. For other fault locations farther away (or closer), the 1m- 
pedance to the fault will increase (or decrease). 

Ground fault relays are relatively insensitive to line-to-line faults. Im- 
pedance relays that use line-to-line voltages Vav, Voc, Vea and line-current dif- 
ferences J, — ly, 4) — Te, J. — I, are called phase relays. Phase relays respond 
effectively to line-to-line faults and double line-to-ground faults but are rela- 
tively insensitive to single line-to-ground faults. Therefore, both phase and 
ground fault relays need to be used. 


DIFFERENTIAL RELAYS 


Differential relays are commonly used to protect generators, buses, and 
transformers. Figure 10.32 illustrates the basic method of differential relaying 
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differential relay 
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for generator protection. The protection of only one phase is shown. The 
method is repeated for the other two phases. When the relay in any one phase 
operates, all three phases of the main circuit breaker will open, as well as the 
generator neutral and field breakers {not shown). 

For the case of no internal fault within the generator windings, J) = 75, 
and, assuming identical CTs, 7; = Lj. For this case the current in the relay 
operating coil is zero, and the relay does not operate. On the other hand, 
for an internal fault such as a phase-to-ground or phase-to-phase short within 
the generator winding, J; # h, and J; # Lj. Therefore, a difference current 
I; — L flows in the relay operating coil, which may cause the relay to operate. 
Since this relay operation depends on a difference current, it 1s called a differ- 
ential relay. 

An electromechanical differential relay called a balance beam relay is 
shown in Figure 10.33. The relay contacts close if the downward force on the 
right side exceeds the downward force on the left side. The electromagnetic 
force on the right, operating coil is proportional to the square of the operat- 
ing coil mmf—that is, to [No(7/ ~ Hy. Similarly, the electromagnetic force 
on the left, restraining coil is proportional to [N,(7; + 75)/ 2)’. The condition 
for relay operation is then 


[NoU = £)^ > [Ney + 5)/2) (10.10.1) 
Taking the square root: 

(J, — 5| > k4 + 5)/2| (10.10.2) 
where 

k = N,/No (10.10.31 


Assuming 7; and J; are in phase, (10.10.2) is solved to obtain 
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h 





D for Db Hn 
2—k 
D < zrk! for b < I| (10.10.4) 


Equation (10.10.4) is plotted in Figure 10.34 to obtain the block and 
trip regions of the differential relay for k — 0.1. Note that as k increases, the 
block region becomes larger; that is, the relay becomes less sensitive. In prac- 
tice, no two CTs are identical, and the differential relay current 7j — J, can 
become appreciable during external faults, even though /; = J. The balanced 
beam relay solves this problem without sacrificing sensitivity during normal 
currents, since the block region increases as the currents increase, as shown in 
Figure 10.34. Also, the relay can be easily modified to enlarge the block re- 
gion for very small currents near the origin, in order to avoid false trips àt 
low currents. 

Note that differential relaying provides primary zone protection without 
backup. Coordination with protection in adjacent zones is eliminated, which 
permits high speed tripping. Precise relay settings are unnecessary. Also, the 
need to calculate system fault currents and voltages is avoided. 


BUS PROTECTION WITH DIFFERENTIAL RELAYS 





Differential bus protection is illustrated by the single-line diagram of Figure 
10.35. In practice, three differential relays are required, one for each phase. 
Operation of any one relay would cause all of the three-phase circuit breakers 
connected to the bus to open, thereby isolating the three-phase bus from 
Service. 
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FIGURE [0.35 


Single-line diagram of 
differential bus 
protection 
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Relay restraining coils 


For the case of no internal fault between the CTs—that is, no bus 
fault —/1 + Jz = h. Assuming identical CTs, the differential relay current 
Ij + J; — I; equals zero, and the relay does not operate. However, if there is a 
bus fault, the differential current Jf + J; — £5, which is not zero, flows in the 
operating coil to operate the relay. Use of the restraining coils overcomes the 
problem of nonidentical CTs. 

A problem with differential bus protection can result from different 
levels of fault currents and varying amounts of CT saturation, For example, 
consider an external fault at point P in Figure 10.35. Each of the CT; and 
CT» primaries carries part of the fault current, but the CT; primary carries 
the sum J; = h + D». CT3, energized at a higher level, will have more satura- 
tion, such that J; # J; + Jj. If the saturation is too high, the differential current 
in the relay operating coil could result in a false trip. This problem becomes 
more difficult when there are large numbers of circuits connected to the bus. 
Various schemes have been developed to overcome this problem [1]. 





TRANSFORMER PROTECTION WITH DIFFERENTIAL 
RELAYS 


The protection method used for power transformers depends on the trans- 
former MVA rating. Fuses are often used to protect transformers with small 
MVA ratings, whereas differential relays are commonly used to protect trans- 
formers. with ratings larger than 10 MVA. 
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FIGURE 10.36 


Differential protection of 
a single-phase, two- 
winding transformer 








CT, CE 


The differential protection method is illustrated in Figure 10.36 for 
a single-phase, two-winding transformer. Denoting the turns ratio of the pri- 
mary and secondary CTs by l/n; and 1/n2, respectively (a CT with 1 pri- 
mary turn and n secondary turns has a turns ratio a = 1/n), the CT second- 
ary currents are 


h 
K=> hao (10.12.1) 


and the current in the relay operating coil is 


I. 
D-hnh-bh2—-— 10:127 
(Bato (10.12.2) 

For the case of no fault between the CTs—that is, no internal transformer 
fault—the primary and secondary currents for an ideal transformer are re- 


lated by 





Nit 
h = 10.12.3 
T (10.12.3) 
Using (10.12.3) in (10.12.2), 
r=4(ı E : (10.12.4) 
nj n5/ni 


To prevent the relay from tripping for the case of no internal transformer 
fault, where (10.12.3) and (10.12.4) are satisfied, the differential relay current 
I’ must be zero. Therefore, from (10.12.4), we select 


n; Ni 


i PUE (10.12.5) 
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If an internal transformer fault between the CTs does occur, (10.12.3) 
is not satisfied and the differential relay current J’ = 77 — J, is not zero. The 
relay will trip if the operating condition given by (10.10.4) is satisfied. Also, 
the value of k in (10.10.4) can be selected to control the size of the block 
region shown in Figure 10.34, thereby controlling relay sensitivity. 


Differential relay protection for a single-phase transformer 


A single-phase two-winding, 10-MVA, 80 kV/20 kV transformer has differ- 
ential relay protection. Select suitable CT ratios. Also, select k such that the 
relay blocks for up to 25% mismatch between I, and DL. 


SOLUTION The transformer-rated primary current is 


10 x 10$ 
liraed = 80 x 10? 103 — 125A 


From Table 10.2, select a 150:5 primary CT ratio to give Ij = 
125(5/150) = 4.17 A at rated conditions. Similarly, Drag = 500 A. Select a 
600:5 secondary CT ratio to give I, = 500(5/600) = 4.17 A and a differential 
current I’ = J; — I, = 0 (neglecting magnetizing current) at rated conditions. 
Also, for a 25%-mismatch between l; and Ij, select a 1.25 upper slope in 
Figure 10.34. That 1s, 

2p K 


; p7125  k2022 E 


A common problem in differential transformer protection is the mis- 
match of relay currents that occurs when standard CT ratios are used. If the 
primary winding in Example 10.9 has a 138-kV instead of 80-kV rating, then 
Iia = 10 x 105/138 x 10? = 72.46 A, and a 100:5 primary CT would give 
I; = 72:46(5/100) = 3.62 A at rated conditions. This current does not bal- 
ance J, = 4.17 A using a 5:600 secondary CT, nor J, = 3.13 A using a 5:800 
secondary CT. The mismatch 1s about 15%. 

One solution to this problem is fo use auxiliary CTs, which provide a 
wide range of turns ratios. A 5:5.76 auxiliary CT connected to the 5:600 
secondary CT in the above example would reduce I, to 4.17(5/5.76) = 3.62 
A, which does balance Ij. Unfortunately, auxiliary CTs add their own burden 
to the main CTs and also increase transformation errors. A better solution is 
to use tap settings on the relays themselves, which have the same effect as 
auxiliary CTs. Most transformer differential relays have taps that provide for 
differences in restraining windings in the order of 2 or 3 to 1. 

When a transformer 1s initially energized, it can draw a large "inrush" 
current, a transient current that flows in the shunt magnetizing branch and 
decays after a few cycles to a small steady-state value. Inrush current appears 
as a differential current since it flows only in the primary winding. If a large 
inrush current does occur upon transformer energization, a differential relay 
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will see a large differential current and trip out the transformer unless the 
protection method 1s modified to detect inrush current. 

One method to prevent tripping during transformer inrush is based on 
the fact that inrush current is nonsinusoidal with a large second-harmonic 
component. A filter can be used to pass fundamental and block harmonic 
components of the differentia] current 7' to the relay operating coil. Another 
method is based on the fact that inrush current has a large dc component, 
which can be used to desensitize the relay. Time-delay relays may also be 
used to temporarily desensitize the differential relay until the inrush current 
has decayed to a low value. 

Figure 10.37 illustrates differential protection of a three-phase Y-A 


FIGURE 10.37 


C 
C A 
Differential protection of 
a three-phase, Y—A, a 
two-winding transformer Z 
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T. 
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two-winding transformer. Note that a Y-A transformer produces 30° phase 
shifts in the line currents. The CTs must be connected to compensate for the 
30? phase shifts, such that the CT secondary currents as seen by the relays are 
in phase. The correct phase-angle relationship 1s obtained by connecting CTs 
on the Y side of the transformer in A, and CTs on the A side in Y. 


Differential relay protection for a three-phase transformer 


A. 30-MVA, 34.5 kV Y/138 kV A transformer is protected by differential 
relays with taps. Select CT ratios, CT connections, and relay tap settings. 
Also determine currents in the transformer and in the CTs at rated con- 
ditions. Assume that the available relay tap settings are 5:5, 5:5.5, 5:6.6, 
5:7.3, 5:8, 5:9, and 5:10, giving relay tap ratios of 1.00, 1.10, 1.32, 1.46, 
1.60, 1.80, and 2.00. 


SOLUTION As shown in Figure 10.37, CTs are connected in A on the (34.5- 
kV) Y side of the transformer, and CTs are connected in Y on the (138-kV) 
^ side, in order to obtain the correct phasing of the relay currents. 

Rated current on the 138-kV side of the transformer is 


0 x 106 
jede A LIA 


V3(138 x 103) 


Select a 150:5 CT on the 138-kV side to give I} = 125.51(5/150) = 4.184 A 
in the 138-kV CT secondaries and in the righthand restraining windings of 
Figure 10.37. 

Next, rated current on the 34.5-kV side of the transformer is 


30 x 10° 


la cated = 534.5 x 103) — 502.04 A 
Select a 500: 5 CT on the 34.5-kV side to give I, = 502.0(5/500) = 5.02 A in 
the 34.5-kV CT secondaries and I/, = 5.023 = 8.696 A in the lefthand re- 
straining windings of Figure 10.37, 

Finally, select relay taps to balance the currents in the restraining wind- 
ings. The ratio of the currents in the left- to righthand restraining windings is 


I, 8.696 
-ab — 0 — 2.078 
D 4.184 


The closest relay tap ratio is Tan/T, = 2.0, corresponding to a relay tap set- 
ting of T, : T4, = 5: 10. The percentage mismatch for this tap setting is 


(IA / T4) — (Ia / Tab) 
(Le / Tav) 


(4.184/5) — (8.696/10) 


= 0/5 
(8.696/10) Xd00 s 3.77 


x 100 = 








SECTION 10.13 PILOT RELAYING 533 


This is a good mismatch; since transformer differential relays typically have 
their block regions adjusted between 20% and 60% (by adjusting k in Figure 
10.34), a 3.77% mismatch gives an ample safety margin in the event of CT 
and relay differences. t] 


For three-phase transformers (Y-Y, Y-A, A-Y, A-A), the general rule 
is to connect CTs on the Y side in A and CTs on the A side in Y. This ar- 
rangement compensates for the 30° phase shifts in Y-A or A-Y banks. Note 
also that zero-sequence current cannot enter a A side of a transformer or the 
CTs on that side, and zero-sequence current on a grounded Y side cannot 
enter the A-connected CTs on that side. Therefore, this arrangement also 
blocks zero-sequence currents in the differential relays during external ground 
faults. For internal ground faults, however, the relays can operate from the 
positive- and negative-sequence currents involved in these faults. 

Differential protection methods have been modified to handle multi- 
winding transformers, voltage-regulating transformers, phase-angle regulating 
transformers, power-rectifier transformers, transformers with special connec- 
tions (such as zig-zag), and other, special-purpose transformers. Also, other 
types of relays such as gas-pressure detectors for hquid-fBlled transformers 
are used. 


[0.13 





PILOT RELAYING 


Pilot relaying refers to a type of differential protection that compares the 
quantities at the terminals via a communication channel rather than by a di- 
rect wire interconnection of the relays. Differential protection of generators, 
buses, and transformers considered in previous sections does not require pilot 
relaying because each of these devices is at one geographical location where 
CTs and relays can be directly interconnected. However, differential relaying 
of transmission lines requires pilot relaying because the terminals are widely 
separated (often by many kilometers). In actual practice, pilot relaying 1s 
typically applied to short transmission lines (up to 80 km) with 69 to 115 kV 
ratings. 
Four types of communication channels are used for pilot relaying: 


1. Pilot wires: Separate electrical circuits operating at dc, 50 to 60 Hz, 
or audio frequencies. These could be owned by the power company 
or leased from the telephone company. 


Power-line carrier: The transmission line itself is used as the commu- 
nication circuit, with frequencies between 30 and 300 kHz being 
transmitted. The communication signals are applied to all three 
phases using an L-C voltage divider and are confined to the line 
under protection by blocking filters called Jine traps at each end. | 


m 
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3, Microwave: A 2 to 12 GHz signal transmitted by line-of-sight paths 
between terminals using dish antennas. 


4. Fiber optic cable: Signals transmitted by light modulation through 
electrically nonconducting cable. This cable eliminates problems due 
to electrical insulation, inductive coupling from other circuits, and 
atmospheric disturbances. 


Two common fault detection methods are directional comparison, where 
the power flows at the line terminals are compared, and phase comparison, 
where the relative phase angles of the currents at the terminals are compared. 
Also, the communication channel can either be required for trip operations, 
which is known as a transfer trip system, or not be required for trip oper- 
ations, known as a blocking system. A particular pilot-relaying method 1s 
usually identified by specifying the fault-detection method and the channel 
use. The four basic combinations are directicnal comparison blocking, direc- 
tional comparison transfer trip, phase comparison blocking, and phase com- 
parison transfer trip. 

Like differentia] relays, pilot relays provide primary zone protection 
without backup. Thus, coordination with protection in adjacent zones is elimi- 
nated, resulting in high-speed tripping. Precise relay settings are unnecessary. 
Also, the need to calculate system fault currents and voltages is eliminated. 


DIGITAL RELAYING 


In previous sections we described the operating principle of relays built with 
electromechanica] components, including the induction disc time-delay over- 
current relay, Figure 10.14; the directional relay, similar in operation to a 
watt-hour meter; and the balance-beam differential relay, Figure 10.33. These 
electromechanical relays, introduced in the early 1900s, have performed well 
over the years and continue in relatively maintenance-free operation today. 
Solid-state relays using analog circuits and logic gates, with block-trip regions 
similar to those of electromechanical relays and with newer types of block/ 
trip regions, have been available since the late 1950s. Such relays, widely used 
in HV and EHV systems, offer the reliability and ruggedness of their electro- 
mechanical counterparts at a competitive price. Beyond solid-state analog 
relays, a new generation of relays based on digital computer technology has 
been under development since the 1980s. 

Benefits of digital relays include accuracy, improved sensitivity to 
faults, better selectivity, flexibility, user-friendliness, easy testing, and relay 
event monitoring/recording capabilities. Digital relaying also has the advan- 
tage that modifications to tripping characteristics, either changes in conven- 
tional settings or shaping of entirely new block/trip regions, could be made 
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by updating software from a remote computer terminal. For example, the 
relay engineer could reprogram tripping characteristics of field-installed, in- 
service relays without leaving the engineering office. Alternatively, relay soft- 
ware could be updated in real time, based on operating conditions, from a 
central computer. . 
An important feature of power system protection is the decentralized, 
local nature of relays. Except for pilot relaying, each relay receives informa- 
tion from nearby local CTs and VTs and trips only local breakers. Interest in 
digital relaying is not directed at replacing local relays by a central computer. 
Instead, each electromechanical or solid-state analog relay would be replaced 
by a dedicated, local digital relay with a similar operating principle, such as 
time-delay overcurrent, impedance, or differential relaying. The central com- | 
puter would interact with local digital relays in a supervisory role. 


SECTION 10.2 


The primary conductor in Figure 10.2 is one phase of a three-phase transmission line 
operating at 345 kV, 600 MVA, 0.95 power factor lagging. The CT ratio is 1200:5 
and the VT ratio is 3000:1. Determine the CT secondary current I’ and the VT sec- 
ondary voltage V’. Assume zero CT error. l 


A CO-8 relay with a current tap setting of 5 amperes is used with the 100:5 CT in 
Example 10.1. The CT secondary current I’ is the input to the relay operating coil. 
The CO-8 relay burden is shown in the following table for various relay input cur- 
rents. 


CO-8 relay input current I’, A 5 8 10. . 13 15.- 
CO-8 relay burden Zp, Q 0.5 0.8 1.0 . 13 | 1.5 


Primary current and CT error are computed in Example 10.1 for the 5-, 8-, and 15-A 
relay input currents. Compute the primary current and CT error for (a) I' 2 10 A and 
Zp = 1.0 Q, and for (b) I’ = 13 A and Zg = 1.3 Q. (c) Plot I’ versus I for the above 
five values of I’. (d) For reliable relay operation, the fault-to-pickup current ratio with 
minimum fault current should be greater than two. Determine the minimum fault 
current fot application of this CT and relay with 5-A tap setting. 


An overcurrent relay set to operate at 10 A is connected to the CT in Figure 10.8 with 
a 200:5 CT ratio. Determine the minimum primary fault current that the relay will 
detect if the burden Zp is (a) 1.0 Q, (b) 4.0 Q, and (c) 5.0 Q. 


Given the open-delta VT connection shown in Figure 10.38, both VTs having a volt- 
age rating of 240 kV : 120 V, the voltages are specified as Vag = 230/0°, Vac = 
230/ —120^, aud Vea = 230/ 120^ kV. Determine Vab, Voc, and Va for the following 
cases: (a) The dots are shown in Figure 10.38. (b) The dot near c is moved to b-in 
Figure 10.38. 
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FIGURE 10.38 
Problem 10.4 


FIGURE 10.39 
Problem 10.5 


10.6 


10.7 
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3e 230-kV line 
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A CT with an excitation curve given in Figure 10.39 has a rated current ratio of 500:5 
A and a secondary leakage impedance of 0.1 4- J0.5 €). Calculate the CT secondary 
output current and the CT error for the following cases: (a) The umpedance of the ter- 
minating device is 4.9 + 0.5 Q and the primary CT load current is 400 A. (b) The im- 
pedance of the terminating device 1s 4.9 4- j0.5 Q and the primary CT fault current is 
1200 A. (c) The impedance of the terminating device is 14.9 + j1.5 Q and the primary 
CT load current is 400 A. (d) The impedance of the terminating device is 14.9 4- 1.5 Q 
and the primary CT fault current is 1200 A. 


hp 100 
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5 80 
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C» 
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O 40 
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cd 
2 20 
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0 
0 2 4 6 8 10 


Secondary exciting amps—i, 
f 


The CT of Problem 10.5 is utilized in conjunction with a current-sensitive device that 
will operate at current levels of 8 A or above. Check whether the device will detect the 
1200-A fault current for cases (b) and (d) in Problem 10.5. 


SECTION 10.3 


The input current to a CO-8 relay is 10 À. Determine the relay operating time for 
the following current tap settings (TS) and time dial settings (TDS): (a) TS = 1.0, 
TDS = 1/2; (b) TS = 2.0, TDS = 1.5; (c) TS = 2.0, TDS = 7; (d) TS = 3.0, TDS = 7; 
and (e) TS = 12.0, TDS = 1. 


The relay in Problem 10.2 has a time-dial setting of 4. Determine the relay operating 
time if the primary fault current is 500 A. 
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FIGURE 10.40 
Problem 10.9 


10.10 


FIGURE 10.4} 


Problems 10.10 and 
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An RC circuit used to produce time delay is shown in Figure 10.40. For a step input 
voltage vi(t) = 2u(t) and C = 10 uF, determine Taasy for the following cases: (a) R = 
100 kQ; and (b) R = 1 MQ. Sketch the output vo(t) versus time for cases (a) and (b). 


Reconsider case (b) of Problem 10.5. Let the load impedance 4.9 + j0.5 Q be the input 
impedance to a CO-7 induction disc time-delay overcurrent relay. The CO-7 relay 
characteristic is shown in Figure 10.41. For a tap setting of 5 A and a time dial setting 
of 2, determine the relay operating time. 
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FIGURE 10.42 
Problem 10.14 


10.15 


SECTION 10.4 


Evaluate relay coordination for the minimum fault currents in Example 10.4. For the 
selected current tap settings and time dial settings, (a) determine tbe operating time of 
relays at B2 and B3 for the 700-A fault current. (b) Determine the operating time of 
relays at Bl and B2 for the 1500-A fault current. Are the fault-to-pickup current 
ratios z 2.0 (a requirement for reliable relay operation) in all cases? Are the coordina- 
tion time intervals z 0.3 seconds 1n all cases? 


Repeat Example 10.4 for the following system data. Coordinate the relays for the 
maximum fault currents. 


Maximum Load Symmetrical Fault Current 
Bus MVA Lagging p.f. Maximum A Minimum A 
ed 9.0 0.95 5000 3750 
2 9.0 0.95 3000 2250 
3 9.0 0.95 2000 1500 
Breaker Breaker Operating Time CT Ratio Relay 
Bl | 5 cycles 600:5 CO-8 
B2 5 cycles 400: 5 CO-8 


B3 5 cycles 200:5 CO-8 


Using the current tap settings and time dia] settings that you have selected in Problem 
10.12, evaluate relay coordination for the minimum fault currents. Are the fault-to- 
pickup current ratios > 2.0, and are the coordination time delays > 0.3 seconds in all 
cases? 

An li-KV radial system is shown in Figure 10.42. Assuming a CO-7 relay with relay 
characteristic given in Figure 10.41 and the same power factor for all loads, select 
relay settings to protect the system. 


3 2 1 
11 kV I; m Li 







C.T.R = 400/5 C.T.R = 200/5 C.T.R = 200/5 









La= 6.75 MVA L2 = 2.5 MVA L: =4 MVA 


Isc, = 3200 A Isc, = 3000 A Isc, = 2500 A 


SECTION 10.5 


Rework Example 10.5 for the following faults: (a) a three-phase, permanent fault on 
the load side of tap 3; (b) a single line-to-ground, permanent fault at bus 4 on the load 


-> 
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FIGURE 10.43 
Problem 10.16 
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side of the recloser; and (c) a three-phase, permanent fault at bus 4 on the source side 
of the recloser. 


A three-phase 34.5-kV feeder supplying a 4-MVA load is protected by 80E power 
fuses in each phase, in series with a recloser. The time-current characteristic of the 80E 
fuse 1s shown in Figure 10.43. Analysis yields maximum and minimum fault currents 
of 1000 and 500 A, respectively. (a) To have the recloser clear the fault, find the max- 
imum clearing time necessary for recloser operation. (b) To have the fuses clear the 
fault, ind the minimum recioser clearing time. Assume that the recloser operating 
time 1s Independent of fault current magnitude. 
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SECTION 10.7 


For the system shown in Figure 10.44, directional overcurrent relays are used at 
breakers B12, B21, B23, B32, B34, and B43. Overcurrent relays alone ate used at Bl 
and B4. (a) For a fault at Pi, which breakers do not operate? Which breakers should 
be coordinated? Repeat (a) for a fault at (b) P5, (c) P4. (d) Explain how the system is 
protected against bus faults. 
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Load Load Load Load 
Li j - L2 La L4 


FIGURE 10.44 Problem 10.17 


SECTION 10.8 


(0.18 (a) Draw the protective zones for the power system shown in Figure 10.45. Which cir- 
cuit breakers should open for a fault at (a) Pi, (b) P». and (c) P3? 
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FIGURE 10.45 Problem 10.18 


10.19 Figure 10.46 shows three typical bus arrangements. Although the number of lines 
connected to each arrangement varies widely in practice, four lines are shown for con- 
venience and comparison. Note that the required number of circuit breakers per line is 
] for the ring bus, 14 for the breaker-and-a-half double-bus, and 2 for the double- 
breaker double-bus arrangement. For each arrangement (a) Draw the protective 
zones. (b) Identify the breakers that open under primary protection for a fault on line | 


FIGURE 10.46 


Problem 10.19— typical 
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n 





(a) Ring bus 


Bus 1 Pi 





(D) Breaker-and-a-half double bus 


Bus 1 2085 





(c) Double-breaker double bus 


I. (c) Identify the lines that are removed from service under primary protection during 
a bus fault at P. (d) Identify the breakers that open under backup protection in the 
event a breaker fails to clear a fault on line 1 (that is, a stuck breaker during a fault on 
line 1). 


SECTION 10.9 


Three-zone mho relays are used for transmission line protection of the power system 
shown in Figure 10.25. Positive-sequence line impedances are given as follows. 


Line Positive-Sequence Impedance, Q 
1-2 6 + 360 
2-3 4 + j40 
2-4 5 4- j50 
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FIGURE 10.47 
Problem 10.21 
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FIGURE 10.48 
Problem 10.22 


Rated voltage for the high-voltage buses 1s 500 kV. Assume a 1500:5 CT ratio and a 
4500: 1. VT ratio at B12. (a) Determine the settings Za, Zn, and Za for the mho relay 
at B12. (b) Maximum current for line 1—2 under emergency loading conditions is 1400 
A at 0.90 power factor lagging. Verify that B12 does not trip during emergency load- 
ing conditions. 

Line impedances for the power system shown in Figure 10.47 are Zi = Z3 = 3.0 + 
540.0 Q, and Z»4 = 6.0 + j80.0 Q. Reach for the zone 3 B12 impedance relays is set for 
100% of line 1-2 plus 120% of line 2-4. (a) For a bolted three-phase fault at bus 4, 
show that the apparent primary impedance “seen” by the B12 relays is 


Lapparent z Z + 224 + (I3/112)Z24 


where (75; /h2) is the line 2:3 to line 1-2 fault current ratio, (b) If |/35/75| > 0.20, 
does the B12 relay see the fault at bus 4? 
Note; This problem illustrates the “infeed effect." Fault currents from line 2-3 


can cause the zone 3 B12 relay to underreach. As such, remote backup of line 2-4 at 


B12 is ineffective, 





Consider the transmission line shown in Figure 10.48 with series impedance Z_, negli- 
gible shunt admittance, and a load impedance Zp at the receiving end. (a) Determine 
Zr for the given conditions of Vp = 1.0 per unit and Sp = 2 + 0.8 per unit. (b) Con- 
struct the impedance diagram in the R-X plane for Zr = 0.1 + j0.3 per unit. (c) Find 
Zs for this condition and the angle ô between Zs and Zp. 
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FIGURE 10.49 


Power conductor 
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A simple system with circuit breaker-relay locations 1s shown in Figure 10.49. The six 
transmission-line circuit breakers are controlled by zone distance and directional 
relays, as shown in Figure 10.50. The three transmission lines have the same positive- 


2 
G1 4 Ti B12 TL12 Bai, T?s5 G2 


HC) 





Breaker 





~---2----~----------} 


Breaker trip coil 


Z1 — Zone 1 distance relay T2 — Timing relay; Zone 2 
Z2 — Zone 2 distance relay T3 — Timing relay; Zone 3 
Z3 —- Zone 3 distance relay S -Seal in relay 

D — Directional relay B -Breaker trip relay 


FIGURE 10.50 Three-zone distance-relay scheme (shown for one phase only) for Problem 10.23 
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10.24 


10.25 


FIGURE 10.51 


Problem 10.25—Bus 
differential protection 
using hnear couplers 


10.26 


10.27 


10.28 


sequence impedance of j0.1 per unit. The reaches for zones 1, 2, and 3 are 80; 120, and 
250%, respectively. Consider only three-phase faults. (a) Find the settings Z, in per 
unit for all distance relays. (b) Convert the settings in Q if the VTs are rated 133 
kV:115 V and the CTs are rated 400:5 A. (c) For a fault at location X, which is 10% 
down line TL31 from bus 3, discuss relay operations. 


SECTION 10.10 


Select k such that the differential relay characteristic shown in Figure 10.34 blocks for 
up to 20% mismatch between Ij and I. 


SECTION 10.11 


Consider a protected bus that terminates four lines, as shown in Figure 10.51. Assume 
that the linear couplers have the standard Xm = 5 mQ and a three-phase fault exter- 
nally located on line 3 causes the fault currents shown in Figure 10.51. Note that the 
infeed current on line 3 to the fault is -j10 kA. (a) Determine Ve. (b) Let the fault be 
moved to an internal location on the protected bus between lines 3 and 4. Find V, and 
discuss what happens. (c) By moving the external fault from line 3 to a corresponding 


Protected bus 





point on (i) line 2 and (it) line 4, determine V, in each case. 
SECTION 10.12 


A. single-phase, 5-MVA, 20/8.66-kV transformer is protected by a differential relay 
with taps. Available relay tap settings are 5:5, 5:5.5, $:6.6, 5:7.3, 5:8, 5:9, and 5:10, 
giving tap ratios of 1.00, 1.10, 1.32, 1.46, 1.60, 1.80, and 2.00. Select CT ratios and relay 
tap settings. Also, determine the percentage mismatch for the selected tap setting. 


A three-phase, 500-MVA, 345 kV A/500 kV Y transformer is protected by differential 
relays with taps. Select CT ratios, CT connections, and relay tap settings. Determine 
the currents in the transformer and m the CTs at rated conditions. Also determine the 
percentage mismatch for the selected relay tap settings. Available relay tap settings are 
given 1n Problem 10.26. 


For a A~Y connected, 15-MVA, 33:11 kV transformer with differential relay protec- 
tion and CT ratios shown in Figure 10.52, determine the relay currents at full load 
and calculate the minimum relay current setting to allow 125% overload. 


FIGURE 10.52 
Problem 10.28 


10.29 


[0.30 
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33/11 kV 2000/5A 





300/5A 


CET 





Consider a three-phase A-Y connected, 30-MVA, 33:11 kV transformer with differ- 
ential relay protection. If the CT ratios are 500:5 A on the primary side and 2000:5 A 
on the secondary side, compute the relay current setting for faults drawing up to 200% 
of rated transformer current. 

Determine the CT ratios for differential protection of a three-phase, A-Y connected, 
15-MVA, 33:11 kV transformer, such that the circulating current in the transformer A 
does not exceed 5 A. 


CASE STUDY QUESTIONS 


A. 


B. 
C. 
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POWER SYSTEM CONTROLS 


Automatic control systems are used extensively in power systems. Local 
controls are employed at turbine-generator units and at selected voltage- 
controlled buses. Central controls are employed at area control centers. 
Figure 11.1 shows two basic controls of a steam turbine-generator: the 
voltage regulator and turbine-governor. The voltage regulator adjusts the 
power output of the generator exciter in order to control the magnitude of 
generator terminal voltage V,. When a reference voltage Vier is raised (or 
lowered), the output voltage V, of the regulator 1ncreases (or decreases) the 
exciter voltage Erg applied to the generator field winding, which in turn acts 
to increase (or decrease) V,. Also a voltage transformer and rectifier monitor 
V,, which is used as a feedback signal in the voltage regulator. If V, decreases, 
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FIGURE 11.I 


Voltage regulator and turbine-governor controls for a steam-turbine generator 


the voltage regulator increases V, to increase Efa, which in turn acts to in- 
crease V,. 

The turbine-governor shown in Figure 11.1 adjusts the steam valve 
position to control the mechanical power output pm of the turbine. When a 
reference power level p, is raised (or lowered), the governor moves the 
steam valve in the open (or close) direction to increase (or decrease) ba. Lhe 
governor also monitors rotor speed co, which is used as a feedback signal to 
control the balance between p,, and the electrical power output p, of the gen- 
erator. Neglecting losses, if Pm is greater than pe, c, increases, and the gov- 
ernor moves the steam valve in the close direction to reduce pm. Similarly, if 
Pm 1S less than pe, @m decreases, and the governor moves the valve in the 
open direction. 

In addition to voltage regulators at generator buses, equipment is used 
to control voltage magnitudes at other selected buses. Tap-changing trans- 
formers, switched capacitor banks, and static var systems can be automati- 
cally regulated for rapid voltage control. 

Central controls also play an important role in modern power systems. 
Today's systems are composed of interconnected areas, where each area has 
its own ‘control center. There are many advantages to interconnections. For 
example, interconnected areas can share their reserve power to handle antici- 
pated load peaks and unanticipated generator outages. Interconnected areas 
can also tolerate larger load changes with smaller frequency deviations than 
an Isolated area. 


FIGURE 11.2 
Daily load cycle 


CHAPTER || POWER SYSTEM CONTROLS 549 






Spinning Total 
reserve ————— —— — — —— load — 
demand 
Peaking 
units 






Controlled 
untts 
Base- 
loaded 
nits 
z Time 
0 6 12 18 24 ours) 


Midnight Noon Midnight 


Figure 11.2 shows how a typical area meets its daily load cycle. The 
base load is carried by base-loaded generators running at 100% of their 
rating for 24 hours. Nuclear units and large fossil-fuel units are typically 
base-loaded. The variable part of the load is carried by units that are con- 
trolled from the central control center. Medium-sized fossil-fuel units and 
hydro units are used for control. During peak load hours, smaller, less effi- 
cient units such as gas-turbine or diesel-generating units are employed, In 
addition, generators operating at partial output (with spinning reserve) and 
standby generators provide a reserve margin. 

The central control center monitors information including area fre- 
quency, generating unit outputs, and tie-line power flows to interconnected 
areas. This information is used by automatic Joad-frequency control (LFC) m 
order to maintain area frequency at its scheduled value (60 Hz) and net tie- 
line power flow out of the area at its scheduled value. Raise and lower refer- 
ence power signals are dispatched to the turbine-governors of controlled 
units. . 

Operating costs vary widely among controlled units. Larger units tend 
to be more efficient, but the varying cost of different fuels such as coal, oil, 
and gas is an important factor. Economic dispatch determines the megawatt 
outputs of the controlled units that minimize the total operating cost for a 
given load demand. Economic dispatch is coordinated with LFC such that 
reference power signals dispatched to controlléd units move the units toward 
their economic loadings and satisfy. LFC objectives. Optimal power flow com- 
bines economic dispatch with power flow so as to optimize generation with- 
out exceeding limits on transmission line loadability. 

In this chapter we investigate automatic controls employed m power 
systems under norma! operation. Sections 11.1 and 11.2 describe the opera- 
tion of the two generator controls: voltage regulator and turbjne-governor. 
We discuss load-frequency control in Section 11.3, economic dispatch in Sec- 
tion 11.4, and optimal power flow 1n Section 11.5. 
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Restructuring of the electric utility industry throughout the world has had a significant 


impact on the controls, operations, and planning of interconnected power systems. The 
following article compares the transmission planning process of a regulated utility industry 
with the planning process during the transition to a de-regulated industry. Also, the 
present structure of transmission planning in the United States is compared with the 
present structure in Australia [12]. 
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L INTRODUCTION 


The function of an electricity supply system is to 
maintain voltage waveforms of appropriate quality at 
the points of connection of end-use equipment 
(loads) and thus provide a continuous flow of elec- 
trical energy to meet end users' requirements. The 
transmíssion network is a shared resource in an 
electricity industry that makes an essential contri- 
bution to this capability by: 


* providing connectivity between all large gener- 
ators and all load centers and. thus compensat- 
ing for differences between the geographical 
distributions of generation and electricity de- 
mand; 

improving supply availability’ by automatically 
exploiting the diversity between the stochastic 
processes of generator availability and electric- 
ity demand; 

improving supply quality by contributing to the 
management of voltage magnitude, phase bal- 
ance, and waveform purity, particularly when 
contingencies occur, | 


Planning ís a process that regulated electric util- 
ities traditionally went through in order to demon- 
strate due diligence with respect to their "obligation 
to serve" load. The results of the planning process 
usually produced several plans for.expansion of ei- 
ther generation or transmission, or both. Transmis- 
sion planning is the process of designing future 
network configurations that meet predicted future 


needs. It is inherently a cooperative process because 
the transmission network is a resource that is 
shared by all network users (generators and loads). 
Under regulation, most utilities were vertically in- 
tegrated regional monopolies that were responsible 
for all generation, transmission, and distribution 
in one or more contiguous regions. These utilities 
could make planning decisions centrally for their 
own service territories. In the United States, there 
was additional coordination provided by power 
pools, federal and state regulators, and industry 
oversight organizations, such as the North Ameri- 
can Electric Reliability; Council (NERC). An‘accept- 
able plan for expanding transmíssion carried with it 
an obligation by the regulators to permit the utilities 
to earn an allowed rate on and return of all capital 
costs that were "used and useful." Under this form 
of regulation, it was possible to maintain transmis- 
sion and generation adequacy, and, some would ar- 
gue, the supply system was "overbuilt." 

A regulated utility was obligated’ to meet all 
reasonable requests by end users for future supply 
needs, usually with little expectation that they would 
provide advance notice of their requirements in 
terms of either timing or location. In return for ac- 
cepting this broad obligation, the regulated utility 
was left with considerable planning autonomy and 
discretion to exercise engineering judgement in 
designing and implementing a supply-side solution. 
When the load doubled every ten years, as it did 
up to the 1970s, network planning was usually sub- 
ordinated to generation planning. In addition, there 
were relatively few constraints from the public on 
acquiring easements for new transmission. After the 
oil embargo in 1973, there was more public oppo- 
sition to expansion when load growth slowed down 
and the capital costs of nuclear power plants esca- 
lated (Nelson and Peck [I]). However, the basic re- 
sponsibilities for providing a reliable supply system 
did not change substantially. 

Since restructuring of the electric utility industry 
began in the 1990s in the United States, the planning 
process has become more complicated. A major 
reason is that many investment decisions, particu- 
larly for generators, are now determined by market 
forces rather than by a centralized decision process. 
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Figure ! 
Normal peak load voltage profile on the TVA system 
(July 1999). 


The financial risk of this investment falls on the in- 
vestors and is no longer backed by the customers as 
it was under regulation. Consequently, there is no 
guarantee that market forces will meet alj legitimate 
investment needs, even for maintaining generation 
adequacy. Although the financing of most transmis- 
sion is still regulated, it is no longer clear cut how to 
assign the financial responsibilities for serving load, 
particularly in terms of maintaining the reliability of 
supply. For example, there has been a substantial 
increase in the quantity of power transferred over 
long distances through the TVA territory (see, for 
example, Figs. | and 2). Both thermal and voltage 
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Figure 2 
The voltage profile with 8000 MW of loop-flow (August 
1999). 
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constraints on transmission have been experienced 
in locations that previously were rarely congested. 

One solution to the problem of congestion 
caused by power transfers is to expand the capacity 
of the transmission network, However, it is not 
a simple task to divide the cost of this expansion 
between customers in the service territory and 
the many generators and loads in other service 
territories that benefit from the power transfers. 
When commercial power transfers through a net- 
work contribute to congestion, it is more difftcult 
for an individual transmission owner to predict how 
market forces will affect future congestion (possibly 
in new locations) on an expanded network. Since 
the transfers generally depend on decisions made in 
other service territories, will the transfers continue 
in the future, or do they represent a short-term 
arbitrage opportunity caused by temporary regional 
differences in fuel prices? 

Finally, even if the transfers are temporary and 
transmission expansion is not required, it is still 
difficult to allocate the true system costs of trans- 
fers to individual transactions. Congestion due to 
transfers may result in higher nodal prices within 
a service territory, but there is no guarantee that 
the revenue collected for transfers from wheeling 
charges, for example, will end up compensating 
customers for the higher energy prices. Since there 
is no global optimization of the dispatch in the east- 
ern or the western interconnections, the financial 
payouts for some transfers may reflect anomalies 
due to price inconsistencies across the "seams" be- 
tween control areas rather than true reductions in 
the cost of meeting load. In other words, completing 
a transaction that is commercially viable under the 
current conditions does not guarantee that there 
will be positive net benefits to the system. 

In addition to the new challenges associated with 
deregulation, the current structure of the utility in- 
dustry in the United States is inherently complicated 
due to different combinations of public and private 
ownership, state and federal regulation, and mer- 
chant and regulated companies. This complicated 
structure suggests that the path to deregulation 
should be cautious. In particular, the reliability of 
supply is a shared responsibility for all users of a 
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transmission network. lt is important to determine 
what markets can and cannot do, particularly for the 
transmíssion network, if high standards of reliability 
are to be maintained in the future. 

The purpose of this paper is to describe the 
current state of transmíssion planning in the United 
States (Section ll) and to compare it with the cur- 
rent structure in Australia (Section IV). The Aus- 
tralian electricity market provides a good example 
of successful deregulation. It is a relatively small 
system, in terms of load, that is now centrally 
dispatched and no longer has to deal with seams 
problems. More importantly, the Australian regu- 
lators have generally embraced market forces by 
tolerating high price volatility for energy in the spot 
market, with a few price spikes reaching $8000/ 
MWh ($10,000 A/MWh) (see [11]). However, av- 
erage spot prices in Australia have remained low, 
sufficient new investment has been made to main- 
tain generation adequacy, and there has been no 
need to establish a capacity auction to ensure there 
is enough generation capacity available to meet 
the load. Generators simply cannot afford to miss 
the opportunity of getting paid $8000/MWh. In 
contrast, the high price volatility tolerated in the 
Australian market is not politically acceptable in the 
United States at present. For this and other reasons, 
concerns about generation adequacy in the future 
have arisen in the United States. Deregulated power 
pools in the northeastern states are currently pro- 
posing to maintain generation adequacy by supple- 
menting payments to generators through capacity 
auctions. 

In spite of the reliance on. market forces to 
maintain generation adequacy in Australia, the trans- 
mission system in Australia is still fully regulated. 
Merchant transmission is restricted to dc interties. 
The dividing line between regulation and market 
forces is quite clear in Australia compared to the 
United States. The main thesis of this paper is that 
the overall reliability of the supply system in the 
United States is being jeopardized by the uncertainty 
that currently exists over who: is responsible for 
maintaining generation and transmission adequacy. 
This ís a particularly relevant question for transmis- 
sion planning. Should planning decisions for trans- 


mission be centralized, or can these decisions be left 
. to decentralized market forces? We argue that it is 
better to follow the Australian approach of caution 
over transmission planning, 

Standard engineering principles imply that a new 
design should be tested and verified first before im- 
posing it on the existing supply system. The inter- 
dependent characteristics of a transmission network 
make it inappropriate to use a piecemeal approach 
to transmission planning. In spite of this, the initial 
strategy followed by the, Federal Energy Regulatory 
Commission (FERC) has been to allow a wide 
variety of approaches to deregulation in different 
regions. This strategy may work for generation, but 
it is not appropriate for transmission. The primary 
reason why more coordination is needed for the 
transmission network is that it plays a central role in 
. maintaining the reliability of supply for customers. 
Unlike real energy, the benefits of reliability are 
widely shared by all users of the network. Conse- 
quently, it is difficult to divide up the responsibilities 
for maintaining reliability among individual users of 
the network. 

-Section || of the paper describes transmission 
planning in the United States and specific issues re- 
lating to reliability are discussed in Section Ill. The 
main features of the Australian supply system are 
presented in Section IV, challenges to transmission 
planning are discussed in Section V, and the con- 
clusions are summarized in Section VI. 


ll. PLANNING TRANSMISSION IN TH 
UNITED STATES | 


Planning the expansion of a transmission system 
requires an investigation of several plans for inter- 
connecting generation and load centers. In effect, 
this effort produces a number of feasible transmis- 
sion expansion plans and, with the help of various 
tools, identifies one plan that best meets forecasted 
needs. This is a complex task, since the constraints 
imposed on transmission lines severely limit options. 
Not only do transmission systems have to satisfy 
rigid technical and financial constraints, they must 
also comply with a host of major environmental 
constraints that may change during the planning 
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process. The criterion that any transmission system 
must satisfy is that it must be able to transmit elec- 
tric energy economically and reliably from genera- 
tion to all load centers at an acceptable voltage level 
and in the quantity desired through environmentalty 
acceptable corridors using environmentally accept- 
able lines and towers over the range of load ex- 
pected during the life of the line. 

Prior to the 1950s, utilities in the United States 
would try, to the extent possible, to locate gen- 
eration near load centers. For a variety of reasons, 
including economies of scale in generation and in- 
creased real estate prices, it became increasingly 
necessary to locate generation far from load cen- 
ters, Around [950, U.S. utilities began to experience 
difficulty in obtaining transmission rights-of-way [2]. 
As a result, the economics of transmission-line 
loading became an important aspect of transmis- 
sion expansion planning. The economics of loading 
fall into two categories: costs associated with the 
transmission of power and those that are not. Those 
not directly associated with the transmission of 
power are: 1) cost of rights-of-way; 2) the trans- 
mission line itself, 3) circuit breakers and steel 
structures; and 4) direct and indirect overhead 
costs. Those directly associated with transmission of 
power are: 5) transformer costs; 6) cost of line 
losses; and 7) the cost of reactive compensation/ 
generation. 

Curve (a) in Fig. 3 represents items | —4 summed 
and divided by megawatts to be transmitted. Clearly 
the most economic loading occurs for infinite 
megawatts transmitted if only costs |—4 were taken 
into account. Curve (b) represents the sum of costs 
5—7 divided by megawatt loading. Here the most 
economical loading is 0 MW. The two curves inter- 
sect, or, when combined, result in curve (c). Curve 
(c) shows that when both costs are considered, 
there is. a minimum cost loading point Unfor- 
tunately, transmission lines cannot always be loaded 
to their optimum as dictated by costs alone. VVhile 
the economics have not changed, the ability to load 
lines optimally is more difficult in systems where 
market forces determine generation patterns. 

For many years prior to the 1970s, the business 
of transmíssion' planning was relatively straightfor- 
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Figure 3 

A generic portrayal of economic costs associated with 
transmission. Curve (a) represents operating costs and 
curve (b) construction costs. Curve (c) is the composite. 


ward. Most of the problems encountered were 
about the load exceeding the thermal capability of 
transmíssion equipment. VVhile there were some 
voltage problems on the system, they were mostly 
local and could easily be identified and solved effec- 
tively using a power flow program, such as the Phil- 
adelphia Electric Company program. Creating a base 
case was relatively easy because the primary inputs 
of connectivity, load, and generation were well 
known. Those were the days when a utility knew 
that it had to serve its native load with its own gen- 
eration, when load forecasts were fairly accurate, 
and when the plan for generation expansion and 
operation was solid. Load forecasting techniques 
were based simply on historical load growth trends 
and knowledge of new developments that affected 
load growth. Generation plans were based on the 
load forecasts, and companies developed long-range 
plans to add generation and transmission to serve its 
native load. 

During those years, the transmission system was 
conservatively planned and facilities were relatively 
unloaded. The power flow program was quite ade- 
quate for defining what were mostly steady-state 
problems. Transient stability analysis was just begin- 
ning to be a consideration, and few transient prob- 
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lems were known to exist. Utilities knew that they 
had to depend on their own generation plan in or- 
der to serve their future native loads. Any errors in 
the load forecasts resulted in moving the plan a year 


or two forward or backward in time depending on 


actual load growth. Power transfers between util- 
ities could be predicted by identifying who held the 
long-term contracts, and these contracts changed 
little, Thus, a transmission expansion plan could be 
determined for the next several years with a high 
degree of confidence. 

It was fairly certain that any reasonable plan 
could be implemented. Costs were much lower 
than they are today, and budget impacts were not 
too restrictive. Public and environmental acceptance 
of new construction was not a big problem. There- 
fore, once a plan was proposed, it had a good 
chance of actually being implemented on time. 
Gradually over the years, costs for new facilities, 
budget pressures, and concerns over environmental 
impacts have increased, while public acceptance of 


new transmission has decreased. Even without the 


changes brought on by deregulation, transmission 
planning has become more difficult because of in- 


creased project.lead times caused by public and 


environmental issues that have led to difficulties in 
implementing any plan on time. 

When FERC Orders 888 and 889 were issued in 
1996, the transmission world began to change sub- 
stantially, and the major impacts on transmission 
planning were: !) the implementation of market- 
based generation and 2) the separation of transmis- , 
sion planning from generation planning. The first 
sign of this change was the rapid proliferation of 
independent, power producers (IPPs) during the 
latter part of the [990s. The construction of nu- 
merous generating plants by IPPs often exceeded 
the amount of capacity built by the existing utility in 
a region. This led to substantial uncertainties about 


future power flows because it was not known how 


much the IPPs would generate, or whether they 
would replace native generation or sell their output 
to neighboring systems and, if so,-to which ones. At 
the same time, chere was growing uncertainty about 
generation expansion because the implementation 
of the standards of conduct required by FERC 


350,000 





300,000 
250,000 
200,000 
{50,000 
100,000 

50,000 


1996 1997 1998 1999 2000 2001 2002 2003 


Figure 4 
Growth in TVA transactions (Source: TVA). 


Order 889 required the physical and informational 
separation of utility generation planning and trans- 
mission planning. This separation had the effect of 


creating further uncertainty about future patterns of 


generation in power flow models and eliminated the 
traditional form of integrated transmission and gen- 
eration planning. 

In the TVA region, an important manifestation of 
the increased generation by IPPs was the appearance 
of periods of extremely high and unanticipated 
transfers across interconnections and through the 
utility s transmission systems (see Fig. 4). These 
flows were much higher than the fevels forecasted 
in existing transmission plans, and they created 
problems of high line-loading and low voltages 
across the network. This was the first evidence that 
the deregulated power markets had changed the 
pattern of generation and that power flows would 
not be consistent with prior plans. Even today. 
power flows across interconnections are changing 
‘rapidly as market conditions continue to change. A 
transmission planner's ability to predict flows on a 
transmission system accurately for future years has 
been adversely affected by these changes. As a re- 
sult, the only practical posture for a transmission 
planner is to treat transfers through the network as 
temporary, plan for increases of native load, and 
leave the impacts of the transfers to the transmis- 
sion security experts in real-time operations. In this 
way, transfers can be curtailed if reliability standards 


CASE STUDY 555 


are threatened. For example, the number of trans- 
mission loading reliefs (TLRs) has increased dramat- 
ically in the TVA region. The overall result is that 
enhancements in transfer capacities on a network 
will tend to occur only when transmission im- 
provements are implemented to meet the needs of 
native load. Consequently, investment in transmis- 
sion will be insufficient to support the growth of 
transfers even when this increased capacity would 
lead to higher net benefits for the supply system as a 
whole. 

There are growing indications that there has 
been insufficient investment in transmission since 
deregulation began. In a recent report on long-term 
reliability assessment by the NERC [3], the section 
on "Transmission Issues’ raises some concerns 
about the future adequacy of the transmission grid. 
The report states [3, p. 34]: 


Over the past decade, the increased demands 
placed on the transmission system in response 
to industry restructuring and market-related 
needs are causing the grid to be operated closer 
to its reliability limits more of the time. The de- 
mand for electricity continued to grow in the 
1980s and 1990s, but transmission additions have 
not kept pace. The uncertainty associated with 
transmission financing and cost recovery and the 
impediments to sitíng and building new transmis- 
sion facilities have resulted in a general slow- 
down in construction of new transmission. In 
some areas of North America, increases in gen- 
erating capability have surpassed the capability of 
the transmission system to simultaneously move 
all of the electricity capable of being produced. 
In addition, market-based electricity transactions 
flowing across the grid have increased, as has the 
incidence of grid congestion. The result is in- 
creased loading on existíng transmission systems 
and tighter transmission operating margins. 


In the United States, there are about 150,000 mi 
of transmission ranging in voltage levels from |38 to 
765 kV. While projected growth in load was about. 
1876 from 1996 to 2007, the projected growth in 
transmission was less than 476. TVA is a typical 
company where about 6476 of transmission struc- 
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tures are 25 years or older, 73% of transformers are 
25 years or older, 53% of breakers are 25 years or 
older, and 31% are 35 years or older. it is clear chat 
the transmission infrastructure is aging substantially 
at a time when there is an increased dependence on 
it to facilitate economic transactions while attempt- 
ing to maintain the reliability of the past. For exam- 


ple, in TVA alone transactions have grown from . 


20,000 annually in 1996 to 250,000 annually in 2001. 
This growth has been just as prolific in areas such as 
New York, New England, PJM, California, and Texas 
that have introduced deregulated markets. 


IJ. MAINTAINING SYSTEM RELIABILITY IN 
A DEREGULATED MARKET ENVIRONMENT 


The U.S. Department of Energy (DOE) National 
Transmission Grid Study [4] determined that con- 
gestion in the U.S. electricity transmission system 
places daily constraints on electricity trade, in- 
creases electricity costs to consumers, and threat- 
ens reliable operations. To address the problems 
of transmission congestion, the Secretary of Energy 
chartered an Electricity Advisory Board that estab- 
lished a Transmission Grid Solution Subcommittee. 
The report from this subcommittee defines trans- 
mission congestion or "bottlenecks" as follows: 
"Bottlenecks occur when the system is constrained 
such that it cannot accommodate the flow of elec- 
tricity and systematically inhibits transactions. Thus, 
a bottleneck has economic and/or reliability im- 
pacts." National interest transmission “bottlenecks” 
are power flow constraints on regional transmission 
lines that: 


* create congestion that significantly decreases 
reliability; 

restrict competition; 

enhance opportunities for suppliers to exploit 
market power; 

increase prices to consumers; 

increase infrastructure vulnerabilities; 

increase the risk of blackouts. 


* 


The report cites the following sources and 
amounts as indicators of the true costs of conges- 
tion: 
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* FERC study of 16 constraints: $700 million for 
six summer months; 

> DOE study of four regions: $447 million; 

: ISO New England: $125 million—$600 million; 

* California Path 15: $222 million for the l6- 
month period before December 2000. 


In addition to the economic cost caused by inad- 
equate transmission, such a system will impair se- 
curity, create inefficient markets by limitíng market 
transactions, and reduce overall system reliability. 
Real power flow may be restricted on certain lines 
under normal operating conditions or as a result 
of equipment failures and system disturbance con- 
ditions. Bottlenecks are persistent flow limits that 
may be major inhibitors to economic efficiency and 
system reliability. Specifically, they undermine the 
physical security of the supply system exposing vul- 
nerable infrastructure elements or critical facilicies 
whose loss or impairment would substantially re- 
duce the transmission of power into or out of key 
load or resource centers. 

Transmission bottlenecks clearly affect system 
reliability. Criteria established by the North Ameri- 
can Electric Reliability Council (NERC), the relevant 
Regional Reliability Council, or by authorities with 
local jurisdiction such as state service commissions 
or Independent System Operators (ISOs) provide 
normal limits to transmission capability due to: 


* stability limits—anticipated power flows after 
a contingency in the list of specified contin- 
gencies would exceed stability limits, resulting 
in an unstable power system; 

thermal limits—anticipated power flows after a 
contingency would exceed the thermal limit of 
a line or a component of the network (e.g., a 
transformer); 

voltage collapse limits—anticipated power 
flows after a contingency would create a reac- 
tive demand that would exceed the local reac- 
tive resources, resulting in rapid voltage decay; 
loop flow—unscheduled power flows on lines 
or facilities that result in a violation of reliability 
criteria; 

resource deficiency—installed capacity levels 
are inadequate to support the load. 


Since relieving one reliability limic will simply 
cause the next most limiting element to appear, 
these limits should be viewed as "system" limits 
needing "system" solutions. However, since there 
has been little growth in the transmission system, 
the current regulatory focus is on relieving specific 
bottlenecks rather than on a more comprehensive 
plan to build new lines to maintain reliability for fu- 
ture growth. Neither the technical definition of the 
problem nor the tools for planning under these 
uncertainties have been fully developed. Even if a 
suitable plan for transmission can be developed, the 
discussion ín the previous section explains why the 
new deregulated markets pose difficult questions 
about how to implement the plan. Although under- 
standing the effects of deregulation on investment 
decisions is particularly important for planning pur- 
poses, current knowledge and information about 
investment behavior is limited. 

Since all users share the performance and the 
level of reliability provided by a network, reliability 
is primarily a "public" good, (All customers benefit 
from their level of reliability without “consuming” it. 
In contrast, real energy is a "private" good because 
the real energy used by one customer is no longer 
available to other customers.) Markets can work 
well for private goods but tend to undersupply 
public goods like reliability (and oversupply public 
bads like pollution). The reason is that customers 
are generally unwilling to pay their fair share of a 
pubic good because it ís possible to rely on others 
to provide it (i.e. they are "free riders"). Generally, 
some form of regulatory intervention is needed to 
make a market for a public good socially efficient. 

Even if the desired level of reliability on a net- 
work is specified by a regulatory agency, such as 
FERC, or by an industry oversight organization, 
such as NERC, it is difficult to partition the benefits 
of reliability to individual transmission companies 
(TransCos). As a result, it is also difficult to rely 
on decentralized decisions by different TransCos to 
reach economically efficient ways of meeting a re- 
quired level of reliability. All proposed additions to 
a network should be evaluated together to form a 
single comprehensive plan for providing transmis- 
sion services. If the transmission network happens 
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to be owried by a single TransCo, it is possible, in 
theory, for this TransCo, like a vertically integrated 
utility under regulation, to make efficient decisions 
about how to meet a given reliability standard. 
In reality, the three transmission networks in the 
United States (the eastern and western inter- 
connections and Texas) have many owners. As Sec- 
tion Il showed, even the large public supply systems, 
such as TVA, have difficulties making efficient in- 
vestment decisions for transmission due to power 
transfers by IPPs through their networks, 

One of the potential problems arising from the 
current regulatory focus on bottlenecks is that it 
leads to “pipeline” thinking. This type of thinking 
considers that the main role of transmission is to 
transfer power from low-cost regions to high-cost 
regions. The existence of large price differences be- 
tween regions in a market is an indication that there 
is congestion limiting the amount of power that can 
be transferred. Increasing the transfer capacity al- 
lows more low cost power into the high-cost re- 
gion, and the price difference times the flow can be 
used to compensate the investor who builds the 
new transmission. For example, this is the standard 
way of financing a merchant dc intertie. There are 
many examples of this type of economic transfer, 
such as the.transfers between the Pacific Northwest 
and California, and transfers from Hydro Quebec to 
the northeastern states. However, a network also 
helps to provide a reliable supply system that is able 
to respond to contingencies, and the main eco- 
nomic challenge for transmission is how to pay for 
reliability. 

A continuing manifestation of pipeline thinking is 
the regulatory effort expended to support physical 
bilateral contracts. An important reason for the 
prevalence of these contracts is that they formed 
the basis for long-term trades between different 
utilities when the industry was fully regulated. Many 
of these contracts still exist or have been renewed. 
In deregulated markets, FERC has allowed the par- 
ties in short-run bilateral trades to identify a trans- 
mission path between a generator and a load, and 
to pay the regulated wheeling charges to individual 
TransCos along this path. As long as a transfer can 
be supported on the network without jeopardizing 
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reliability, it should be allowed. This is true even 
though the specified contract path is only an ac- 
counting mechanism, and it represents a way to by- 
pass the optimum pattern of dispatch determined by 
a market or by a traditional regulated supply system. 
The actual flows of real energy may be very differ- 
ent, and they will change over time in response to 
changes in the patterns of dispatch and load. 

The differences between the contract path and 
the actual flows of a transfer are likely to diverge 
substantially when parts of the network are con- 
gested. More importantly, it is also likely that the 
true costs of accommodating a bilateral contract on 
a congested network are substantially higher than 
the regulated wheeling charges. The inevitable dif- 
ferences that exist between the true costs and the 
accounting costs mean that commercially attractive 
contracts can be found when there is no real gain 
in net benefits for the whole system, and vice versa. 
In other words, finding and exploiting arbitrage op- 
portunities for transfers does not necessarily lead to 
a more efficient market outcome using this type of 
accounting. 

One way of dealing with physical bilateral con- 
tracts on a congested network is to identify con- 
gested transmission links, or "flowgates," and to 
require the parties in a contract to purchase a share 
of the appropriate flowgates [5]. It is, however, 
still difficult to use the concept of flowgates effec- 
tively on a dense network, like the eastern inter- 
connection, because typically there are multiple and 
. variable pathways associated with a particular con- 
tract. The basic problem with a physical contract is 
still there. The realized accounting costs may be 
very different from the true costs of a transfer, and 
therefore, there is no guarantee that contracts will 
be economically efficient. 


Hogan [6] has shown that a financial transfer 


right (FTR) can be used instead of a flowgate right to 
hedge the price difference between two regions on 


a congested network, As a result, physical bilateral - 


contracts can be replaced by a. portfolio of financial 
contracts to provide the same reduction of financial 
risk in a forward contract for real energy between 
two regions. The advantage of an FTR is that the 
differences in nodal prices do reflect the true cost 
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differences between locations (unless there are ar- 
tificial price differences on seams between control 
areas). Even though the volume of trading in for- 
ward financial instruments is growing, a large pro- 
portion of the supply of electricity is still covered by 
physical bilateral contracts. Furthermore, there has 
been little leadership from regulators to encourage 
traders to switch from physical to financial instru- 
ments for hedging transfers, and this issue was not a 
major focus in the draft for a standard market design 
(FERC 2000). 

The success of deregulation depends in part on 
having a viable institutional structure that supports 
financial hedging of spot prices throughout the na- 
tion and provides incentives for all generators and 
loads to become full participants in the market. This 
type of spatial forward market would form a solid 
basis for making efficient investment decisions for 
generation and for transmission if it was solely for 
transporting power. The problem of paying for re- 
liability remains unresolved, and the discussion turns 


. now to how these important issues are handled in 


Australia. 


IV. TRANSMISSION PLANNING IN. THE 
AUSTRALIAN NATIONAL ELECTRICITY 
MARKET 


As an example of a transmission planning process 
in a different restructuring context we discuss the 
one in process in Australía. The Australian National 
Electricity Market (NEM) is implemented on an in- 
terconnected, multistate power system that extends 
over 4000 km. The geographical extent of this 
power system and its relatively small demand (ap- 
proximately 30 GW ) mean that network issues are 
important in power system operation and planning. 

The NEM is an energy-only market and its core 
feature is a set of spot energy and ancillary markets 
that solve a constrained economic dispatch problem 
every 5 min based on 5-min demand forecasts, with 
commercial energy trading based on 30-min average 
spot prices and associated derivative instruments. 

The power system, including the transmission 
network, is represented in the NEM by a hub-and- 
spoke approximation to nodal pricing, which has the 
following features. 


* Major flow constraints between market regions 
due to thermal limits or power system security 
considerations are represented by a set of lin- 
ear flow constraints, updated as necessary to 


reflect evolving power system operating con- 


ditions. 

Within market regions, network losses are 
represented but flow constraints are not, ex- 
cept to the extent that they impact on flow 
constraints between market regions. Other- 
wise they are managed by targeted market 
rules and contractual arrangements. 

The market rules provide for market regíons to 
be redefined from year to year to adequately 
reflect evolving patterns of major flow con- 
straints, although this concept has not been 
followed in practice. A report on the criteria 
for setting region boundaries and representing 
flow constraints between regions has recently 
been released [7]. 

Settlement residue auctions allow market par- 
ticipants to bid for access to the revenue 
streams associated with the "profits" made 
by regulated interconnections between market 
regions. This may be regarded as a type of 
financial transmission right. 


+ 


* 


The reasoning behind this market design choice 
is discussed in [8]. A key feature is that this design 
internalizes network losses and security constraints 
in the market solution. Transmission loading relief 
procedures are not required. 

The market rules support the concept of a mar- 
ket network service provider (MNSP) in the guise 
of a two-terminal link that is independently con- 
trollable and has its terminals in different market 
regions. An MNSP offers into the NEM in a similar 
fashion to a generator, except that it offers to 
transfer electrical energy from one market region to 
another if the price differential exceeds the nomi- 
nated amount. l 

Two MNSP dc links have been built, one of which 
later applied for and was granted transfer to regu- 
lated status. One MNSP link is currently under 
construction, a nominal 400-MW dc link that will 
connect the island of Tasmania to the mainland, and 
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which is Scheduled to enter service toward the end 
of 2005. However, most transmission in the NEM is 
regulated, and this is likely to continue to be the 
case. This is partly because market prices do not 
fully reflect the value of transmission services and 
partly because of government reluctance to trust 
the market to provide adequate transmission ser- 
vices. 


A. Transmission planning in the restructured 
Australian electricity industry 

A parallel process for managing near-term power 
system security and assessing future supply reliability 
(planning) supplements the NEM, described above. 
The National Electricity Market Management 
Company (NEMMCO) is market and power system 
operator and planning manager. This enhances 
compatibility and consistency between the planning 
functions and market and system operation. The key 
planning functions are as follows. 


* A group of supply and demand industry repre- 
sentatives and government officials (the relia- 
bility panel) sets’ transmission-level reliability 
targets for the multistate power system that 
underlies the NEM. 
NEMMCO operates the power system with a 
power system security envelope that it deems 
to be consistent with the reltability targets. This 
is done via the spot market design (which 
implements a security-constrained dispatch ac- 
cording to security constraints that are con- 
tinually updated in an on-line fashion) and by 
NEMMCO acquiring appropriate levels of an- 
cillary services. 

NEMMCO produces a set of projections that 

look forward up to ten years. These are: 

— a predispatch process that projects spot 
prices and dispatch levels for the next 24 h, 
which is updated every 5 min; 

— a short-term projection of assessed system 

adequacy (STPASA), which projects oper- 
ating reserve margins for the next week, 
which is updated every 2 h; 

— a medium-term projection of assessed sys- 

tem adequacy (MTPASA), which projects 


è 


560. CHAPTER 11 


operating reserve margins for the next two 
years and is updated weekly; 

— a statement of opportunities (SOO), which 
includes demand forecasts and committed 
generation construction projects (those for 
which contracts have been signed), fore- 
casts operating reserve margins for the 
next ten years and is updated annually; 

— an annual national transmission statement 
(ANTS), which identifies key transmission 
constraints and is updated annually in con- 
juhction with the SOO. 


‘The SOO and the ANTS, in conjunction with 
more detailed annual planning reports produced by 
each regulated transmission sàrvice providers, pro- 
vide a basis of transmission network planning. For 
example, the SOO contains a list of committed 
generation projects, and the ANTS identifies trans- 
mission constraints as seen from a system-wide 
perspective. 

The regulated transmission network service pro- 
viders undertake transmission planning within their 
franchise service territories and jointly consider in- 
terconnectors between their service territories, ac- 
cording to a "regulatory test" promulgated by the 
federal-level regulator, the Australian Competition 
and Consumer Commission (ACCC). 

The regulatory test contains two mechanisms 
that transmission and distribution network service 
providers can use to justify network investment: 


* a cost-benefit test, which must identify the 


best option, with a positive net benefit under ` 


most scenarios of future market development, 
considering of distributed resource options as 
well as network investment options; 

e a reliability test, which must show that the 
proposed investment is required to meet the 
specified reliability criterion. 


There have been practical difficulties in applying 
the cost—benefit test (e.g., [9]) and most transmis- 
sion investment is currently undertaken under the 
reliability test The Council of Australian Govern- 
ments (COAG), in which the federa] and state gov- 
ernments work together, is currently reviewing the 
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design and implementation of electricity industry 
restructuring in Australia. This review aims to iden- 
tify incremental: improvements rather than make 
radical changes, and part of its work program relates 
to the representation of transmission networks in 
the NEM and planning procedures for regulated 
transmission services. Reference [10] provides a 
discussion of the objectives and early outcomes of 
this review. 


B. Lessons from the Australian experience 

The Australian experience underlies the challenges 
in successfully dealing with transmission issues in a 
restructured electricity industry. Transmission ser- 
vices are not readily incorporated into wholesale 
electricity markets, nor are they easy to regulate in 
a restructured industry. 

The current Australian model implements a mix 
of competitive and regulated approaches to network 
services that is not entirely satisfactory. Resolving 
this dilemma appears to depend on more active 
end-user participation in the market processes, 
which would permit more satisfactory commercial 
substitutes to emerge for the traditional “obligation 
to serve." 

However, it is not yet clear how far this substi- 
tution can be taken, as there are both political and 
technical barriers. The latter derive from the funda- 
mentally shared nature of network services, which 
makes it very difficult to establish’ unambiguous, 
separable, physical property rights. 


V. CHALLENGES TO FUTURE 
TRANSMISSION SYSTEM PLANNING 


The concept of obligation to serve, which is a 
"prime directive" in regulated utilities, must be 
translated into clear contractual requirements in a 
restructured electricity industry in which the own- 
ership of the supply industry has been fragmented. 
This is difficult to achieve because the cooperative, 
“best intentions” nature of planning runs counter to 
the competitive nature of the restructured industry 
with its associated reliance on confidentiality and 
the use of misinformation as a competitive device. 
Another problem in a restructured electricity 
industry is that the services provided by transmis- 


sion networks are difficult to value because they are 
not readily detectable by end users except when 
quality of supply is unsatisfactory. Thus the value of 
transmission services is measured more by the 
rare failures to maintain quality of supply than by 
their usual satisfactory state, and to value these, 
spot market prices in supply-constrained parts of 
the network must be allowed to rise to demand- 
rationing levels (which may be very high) rather than 
be cost based. Also, much of the value of transmis- 
sion services derives from availability and quality of 
supply reasons that are difficult to price. 

Moreover, those rare rationing events are more 
likely to be due to complex, multifactor causes than 
clearly identifiable transmission network phenom- 
ena. Thus, the best way to relax a particular con- 
straint may be both difficult to identify and unique to 
that event, characteristics that do not support an 
objective investment decision making process. 

A further complicating factor is that distributed 
resources (embedded generation and demand side 
options) can partly substitute for investment in 
transmission services. However, this equivalence is 
only partial, is difficult to quantify and may not hold 
in particular outage scenarios. Therefore, it is also 
difficult to choose between investment options in 
transmission and distributed resources in an objec- 
tive manner. 

Rapid changes in market conditions have also 
brought to the surface the question of which com- 
pany is going to provide power to which customer. 
Previously, transmission planners knew which cus- 
tomers their transmission systems were going to 
serve for many years into the future. Consequently, 
an adequate and reliable transmission system con- 
sistent with the accuracy of the load forecasts could 
be planned. Today utilities are beginning to see 
customers shift to other suppliers, sometimes with 
very short notice. Obviously, long-range transmis- 
sion planning in this new environment is much 
harder to implement in the most efficient way. As a 
result, there is a growing reluctance on the part of 
transmission owners to make large investments in 
transmíssion improvements when there is evidence 
that some customers may not be there to pay for 
their share of the improvement. 
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A development which affects the accuracy of load 
forecasts for the future is the trend toward imple- 
mentation of local distributed generation. While 
these technologies offer the transmission planner an 
ability to address load growth problems without the 
construction of major facilities, they are also a large 
source of planning uncertainty, since customers 
could elect to serve themselves, 

These new and difficult problems notwithstand- 
ing, planning must be done. In systems that have 
restructured the planning process is dictated by 
the RTOs. Figs. 5—7 show flow diagrams for the 
planning processes of the NYISO, the NERTO, and 
PJMRTO. 

The challenges of transmission planning in a 
modern, restructured industry environment may 
thus be summarized as follows. 


* The traditional obligation to serve has usually 
not been adequately replaced in a restructured 
industry context and is now typically shared in 
an ambiguous manner between industry partic- 
ipants, regulators, and government. 





Figure 5 

The NYISO planning process. (This figure is the original 
work of Thomas Gentile, National Grid Company 
(Thomas.gentile@ngrid.com), who generously provided 
them for use in this paper.) 
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Figure 6 

The NERTO regional planning process. (This figure is the 
original work of Thomas Gentile, National Grid 
Company (Thomas.gentile@ngrid.com) who generously 
provided them for use in this paper.) 
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Figure 7 
The PJM regional planning process (available at PJM 
Website—P]M IQI The Basics). 


* Supply-rationing events (which are still re- 
garded as infringements of the obligation to 
serve rather than a characteristic of a com- 
petitive industry). are often interpreted as ev- 
idence of inadequate transmission capacity, 
even though they are often the result of more 
complex phenomena that involve generators, 
loads, and pricing policies. Consequently, there 
should be shared accountability among all par- 
ticipants as well as with regulators and govern- 
ment policy makers. i 
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* Supply-rationing.events and the risks of supply 
rationing events are difficult to price effectively, 
and thus it is difficult to design market pro- 
cesses to manage them. 

* Transmission planning has been made more 
difficult because of the characteristics of com- 
petition, including confidentiality, misinforma- 
tion, and time-varying competitive strategies 
that may lead to radically differing patterns of 
network flows, including operating conditions 
that threaten power system security. 

* Transmission planning has also been made 
more difficult by increased uncertainty about 
load growth, as well as greater difficulties in . 
obtaining transmission-line easements. 


Indeed, the transmission planner's "crystal ball" 
has become extremely "cloudy" because of greater 
unknowns in future load, generation, and transfers— 
three most important inputs to an accurate plan- 
ning model. There are two other factors that are 
"clouding the crystal ball." First, the higher cost of 
constructing new facilities has come at the same 
time when most transmission owners are facing 
hard economic times with restricted budgets. This 
often leads to delays in completing a transmisston 
improvement beyond the time when it was origi- 
nally planned and needed. The second factor is the 
increasing lead time needed to initiate a transmis- 
sion improvement due to envíronmental issues and 
decreased public acceptance. Again, transmission 
improvements are being delayed, and planners have 
to lengthen their planning horizons to account for 
these delays. Lengthening lead times and delays in 
construction occurring at a time when uncertainties 
about future needs have grown substantially are 
leading to the inability of transmission planners to 
ensure that the transmission system meets adequacy 
standards in the future. 


VL. CONCLUSION 


All of the economic and engineering factors de- 
scribed above coupled with the underinvestment in 
new transmission facilities in the United States over 
the last decade have combined to produce a trans- 
mission system that is loaded to a much higher de- 


gree than in the past with little hope of improve- 
ment in the foreseeable future. The transmission 
planner’s world has changed from the simpler times 
of mainly worrying about load growth versus gen- 
eration adequacy to one that is. much more com- 
plex. Now, the planner must worry about voltage 
problems and transient and voltage stability in order 
to plan a reliable supply system that can operate 
closer to the edge. 

The dual roles of the transmission network 
in: maintaining reliability and enabling interregional 
. transfers of real energy are highly interdependent. 
Given the growing uncertainties that now exist 
about which organizations have the responsibility 
for meeting load and maintaining the reliability of the 
supply system, transmission owners should still be 
eligible to receive a regulated rate of return for all 
transmíssion services, Better performance-based in- 
centives and planning procedures are needed to 
direct investment into the best places to maintain 
the traditional high reliability of the network. The 
final responsibility for maintaining the reliability of 
a transmission network rests with the regulators, 
and it cannot be left to decentralized decisions by 
transmission owners and load-serving entities. 

Federal regulators should be more proactive in 
encouraging the conversion of physical bilateral con- 
tracts to financial contracts for inter-regional trans- 
fers. Facilitating the establishment of viable forward 
markets for electricity throughout the country 
would be an important step in the right direction. 
There is no economic justification for continuing to 
support the accounting procedures used to legiti- 
mize short-term transfers based on physical bilateral 
contracts. Some of these contracts may increase net 
social benefits for all users of a network, but there is 
no guarantee that a financially attractive contract 
produces a net gain for all. This is particularly true 
when the transmission system is congested. 

The increased loadings of transmission capacity 
have led to concerns about reactive power utiliza- 


tion because reactive losses and concerns about. 


voltage stability greatly increase when congestion 
occurs. While the power flow and transient stability 
programs are still the primary tools used for trans- 
mission planning, new tools have been made avail- 
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able to improve planning, such as optimal power 
flow (OPF) models. Nevertheless, new tools are 
still needed to study many more scenarios more 
efficiently as planners consider more uncertainties. 
Data such as machine data, exciter and governor 
models, power factors, and generator reactive ca- 
pabilities have become more important and new 
tools must be made available to verify these data and 
models. These are the responsibilities undertaken 
through a traditional planning process, and there 
is no. evidence to justify a greater dependence on 
decentralized decision making as a replacement 
for transmission planning at this time. In addition, 
today's transmission planners must communicate 
closely with real-time operations to better under- 
stand how the system is being operated and how the 
new challenges posed by markets are being managed 
in today's changing world. Although many improve- 
ments in the regulation of transmission can be made, 
it is important to determine what deregulated mar- 
kets really can do before transferring the responsi- 
bility for system reliability to market forces. 
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An important, but often overlooked aspect of power system operations is the restoration 


of the system following a large blackout. During restoration the operating condition of the 
power system is usually quite different from that seen during normal operation. The 
following article presents an overview of some of the unique issues that need to be 
considered during system restoration [15]. i 


Overcoming Restoration Challenges 
Associated with Major Power System 
Disturbances 


M. M. ADIBI AND L. H. FINK 


Recognizing that power system blackouts are likely 
to occur, it is prudent to consider the necessary 
measures that reduce their extent, intensity, and 
duration. Immediately after a major disturbance, 
the power system's frequency rise and decay 
are arrested automatically by load rejection, load 
shedding, controlled separation, and isolation 
mechanisms. The success rate of these automatic 
restoration mechanisms has been about 50%! 
The challenge is to coordinate the control and 
protective mechanisms with the operation of the 
generating plants and the electrical system. During 
the subsequent restoration, plant operators, in 
‘coordination with system operators, attempt manu- 
ally to maintain a balance between load and genera- 
tion. The duration of these manual procedures has 
invariably been much longer than equipment limi- 
tations can accommodate. Especially in light of the 
industry's reconfiguration, there is a danger that the 
operation of power plants and the power system 
may not maintain the necessary coordination re- 
sulting in greater impacts. 

Records of major disturbances indicate that the 
initial system faults have been cleared in milliseconds, 
and systems have separated into unbalanced load 
and generation subsystems several seconds later. 
Blackouts have taken place several minutes after the 
separations, and the power systems have been re- 


(“Overcoming Restoration Challenges Associated with Major 
Power System Disturbances” by M. M. Adibi and L. H. Fink 
from IEEE Power and Energy Magazine, (Sept/Oct 2006), 
bg. 68-77) 
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Figure { 
The seven disturbances with the greatest impact 


stored several hours after the blackouts. Most of 
these power outages have been of extended dura- 
tion. For instance, as found in a review covering 24 
recent power failures, seven have lasted more than 
6 h. The U.S.-Canada report on the |4 August 2003 
blackout cites seven major power disturbances with 
the greatest impact, lasting between [0—50 h, as 
shown in Figure |. These failures clearly indicate a 
need for renewed emphasis on developing restora- 
tion methodologies and implementation plans. 


RESTORATION ISSUES 


A study of annual system disturbances reported by 
the North American Electric Reliability Council 
(NERC) over a ten-year period shows |17 power 
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system disturbances that have had one or more 
restoration problem(s) belonging to a number of 
functional groups. 

In 23 cases, problems were due to reactive 
power unbalance, involving generator underexcita- 
tions, sustained overvoltage, and switched capaci- 
tors/reactors. In |1 cases, problems were due to 
load and generation unbalance, including responses 
to sudden increases in load, and underfrequency 
load shedding. In 29 cases, problems were due to 
, inadequate load and generation coordination, in- 
cluding lack of black-start capability, problems with 
switching operations, line overloads, and control 
center coordination. In 56 cases, problems were 
due to monitoring and control inadequacies, includ- 
ing communication, supervisory control and data 
acquisition (SCADA) system capabilities, computer 
overloading, display capabilities, simulation tools, 
and system status determination. In 15 cases, prob- 
lemsi were due to protective systems, including 
interlocking schemes, synchronization and synchro- 
check, standing phase angles, and problems with 
other types of relays as described later. In 20 cases, 
problems were due to depletion of energy storage, 
including low-pressure compressed air/gas and dis- 
charged batteries. In 41. cases, problems were due 
to system restoration plan inadequacies, including 
lack :of planned procedure, outdated procedure, 
procedure not being followed, inadequate training, 
and, incredibly, lack of standard communication vo- 
cabufary. 

Certainly, this summary does not include ail the 
restoration problems encountered. The more com- 
mon ‘and significant problems are briefly described 
in this article. 


RESTORATION PLANNING 


Most. operating companies maintain restoration 
plans: based on their restoration objectives, operat- 
ing philosophies and practices, and familiarity with 
the characteristics of their power plant restart capa- 
bilities and power system reintegration peculiari- 
ties. While these plans have successfully restored 
power systems in the past, they can be improved 
significantly by simulating steady-state, transient, and 
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dynamic behavior of the power system under various 
restoration operating conditions and by employing 
engineering and operating judgment reflecting many 
factors not readily modeled. 

Most power systems have certain characteristics 
in common and behave in a similar manner during 
the restoration process. It is therefore possible to 
establish a general procedure and guidelines to en- 
hance rapid restoration. A detailed plan, however, 
must be developed specifically to meet the partic- 
ular requirements of an individual power system. 
Once a plan has been developed and tested (by 
simulation and training drills), an online restoration 
guidance program capable of guiding the operator in 
making decisions on what steps to take and when to 
take them goes a long way toward minimizing the 
duration of blackout and, consequently, the impact 
of the blackout. 

Figure 2 shows a general procedure comprising 
three temporal restoration stages. The basic dis- 
tinction between the first stage and the succeeding 
stages is that, during the first stage, time is critical 
and many urgent actions must be taken quickly. The 
basic distinction between the two initial stages 
and the third stage is that, in the initial stages, blocks 
of load are control means to maintain stability, 
whereas in the third stage, the restoration of load is 
the primary objective. 

In the first stage, the postes TURIN system 
status is evaluated, a "target system" for restoration 
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Figure 2 
Typical restoration stages. 


TABLE | Initial sources of power and critical loads. 
Minutes Success 
Probability 
Availability of Initial Sources 
Run-of-the-river hydro 5-10 High 
Pump-storage hydro 5-10 High 
Combustion turbine (CT) 5-15 | in 2 or 3 CTs 
Full or partial load rejection Short GT 50% 
Low-frequency isolation scheme Short G T 50% 
Controlled islanding Short Special cases 
Tie-line with adjacent systems Shorx Not relied on* 
Critical Loads Priorities 
Cranking drum-type units High 
Pipe-type cables pumping system High 
Transmission stations Medium 
Distribution stations Medium 
Low** 


Industrial loads 





* Policy: Provide remote cranking power 
"* Used in the initial stage to an advantage 


is defined, a strategy for rebuilding the transmission 
network is selected, the system is sectionalized into 
a few subsystems, and steps are taken to supply the 
critical loads with the initial sources of power that 
are available in each subsystem. The postrestoration 
"target system" will be more or less like the pre- 
disturbance system, dependíng on the severity of 
the disturbance, but it is important that it be clearly 
defined in advance to avoid missteps causing the 
system to go "back to square one." Table | lists the 
types of initial sources of power that may be avail- 
able and the critical loads. The effect of having an 
initial source of power, both on the duration of 
the restoration and on the minimization of the un- 
served load, is illustrated in Figure 3. In this partic- 
ular case, the choices for the initial source of power 
were installing combustion turbines, providing a 
low-frequency isolation mechanism, or equipping 
the base-loaded unit with full-load rejection capabil- 
ity. The full-load rejection alternative was selected 
as providing the best balance between cost and re- 
liability. 

In the second stage, the overall goal is reintegra- 
tion of the bulk power network, as a means of 
achieving the goals of load restoration in the third 
stage. To this end, skeleton transmission paths are 
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Figure 3 
Significance of initial source. 


energized, subsystems defined in the first stage are 
resynchronized, and sufficient load is restored to 
stabilize generation and voltage. Larger, base-load 
units are prepared for restart. Such tasks as ener- 
gizing higher voltage lines and synchronizing sub- 
systems require either reliable guidelines that have 
been prepared in advance or tools for analysis prior 
to crítical switching actions. 

In the third stage, the primary objective of res- 
toration ís to minimize the unserved load, and the 
scheduling of load pickup will be based on response 
rate capabilities of available generators. The effective 
system response rate and the responsive reserve 
increase with the increase in the number of gen- 
erators and load restoration can be accomplished in 
increasingly larger. steps. 


FREQUENCY CONTROL 


Sustained operation of power systems is impossible 
unless generator frequencies and bus voltages are 
kept within strict limits. During normal operation, 
these requirements are met by automatic control 
loops under operator supervision, During restora- 
tion, when individual generators are being brought 
up to speed and large blocks of load are being 
reconnected, perturbatíons outside the range of 
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automatic controls are ínevitable; hence, hands-on 
control by system operators is necessary. 

"System" frequency is the mean frequency of all 
the machines that are online, and deviations by in- 
dividual machines must be strictly minimized to 
avoid mechanical damage to the generator and dis- 
ruption of the entire system. This is generally ac- 
complished by picking up loads in increments that 
can be accommodated by the inertía and response 
of the restored and synchronized generators. 

Smaller radial loads should be restored prior to 
larger loads while maintaining a reasonably constant 
real-to-reactive power ratio. Feeders equipped with 
- underfrequency relays are picked up at the subse- 
quent phases of restoration when system frequency 
has stabilized. Common practice in the initial stages 
of restart and reintegration is to rely on black-start 
combustion turbines (CT units), low-head short- 
conduit hydro units (hydro units), and drum-type 
boller-turbine units (steam units). Figure 4 shows 
typical frequency response of these units to a 1076 
sudden load increase. | 

During restoration, operators must consider a 
prime mover's frequency response to a sudden in- 
crease in load. Such sudden load increases occur 
when picking up large network loads or when one 
of the online generators trips off. Load pickup in 
small increments tends to prolong the restoration 
duration, but in picking up large increments, there is 
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Figure 4 
Prime movers’ frequency responses. 


POWER SYSTEM CONTROLS 





b 
o 


TS 
NM E. 
Steam Unit L/ F =-12.8 “| 


~ 
CT Unit: LU F= -21.7 %/H2 
Hydro Unit L/ F=-29.4 %/Hz 
Steam Unit ES 


Or Rounded 
4 6 


5, 10, and 15 % Per '/; Hz 
Sudden Load Increase (%) 


& 
a 
b 
2 
i 





Figure 5 . 
Prime movers' response rates, 


always the-risk of triggering a frequency decline and 
causing a recurrence of the system outage. The 
allowable size of load pickup depends on the rate 
of response of prime movers already online, which 
are likely to be under manual control at this point. 
Typical response rates are 5, 10, and 15% load for a 
frequency dip of about 0.5 Hz for steam, CT, and 
hydro units, respectively, as shown in Figure 5. 

A set of guidelines for controlling system fre- 
quency has been established. These include: 1) 
black-starting combustion turbines in the automatic 
mode and at their maximum ramp rate; 2) placing 
these units under manual mode soon after they are 
paralleled (for black-start CT units with no auto- 
matic mode, these steps become |) adjusting the 
governor speed droop to about 276, and 2) return- 
ing the governor speed droop back to 5% soon after 
it is paralleled); 3) firming generation to meet the 
largest contingency, i.e., loss of the largest unit; 4) 
distributing reserve according to the online gen- 
erators' dynamic response rates; and 5) ensuring 
that the síze of load to be picked up is less than on- 
line generators' response rates. 

The above guidelines permit the largest load in- 
crement that would keep the frequency within ac- 
ceptable limits, the effective generation reserve that 
would meet the largest contingency, and the gover- 


nor speed droop that would improve prime movers’ 
frequency response. 


VOLTAGE CONTROL 


During the early stages of restoring high-voltage 
overhead and underground transmission lines, there 
are concerns with three related overvoltage areas: 
sustained power frequency overvoltages, switching 
transients, and harmonic resonance. 


Overhead transmission system 

Sustained power frequency overvoltages are caused 
by charging currents of lightly loaded transmission 
lines. If excessive, these currents may cause gen- 
erator underexcitation or even self-excitation and 
instability. Sustained overvoltages also overexcite 
transformers, generate harmonic distortions, and 
cause transformer overheating. 

Switching transients are caused by energizing 
large segments of the transmission system or by 
switching capacitive elements. Such transients are 
usually highly damped and of short duration. How- 
ever, in conjunction with sustained overvoltages, 
they may result in arrester failures. They are not 
usually a significant factor at transmission voltages 
below 100 kV. At higher voltages, however, they 
may become significant because arrester operating 
voltages are relatively close to normal system volt- 
age, and high-voltage lines are usually long so that 
energy stored on the lines may be large. In most 
cases, though, with no sustained: traveling wave 
transients, surge arresters have sufficient energy- 
absorbing capability to clamp harmful avervoltages 
to safe levels without sustaining damage. The likely 
effects of transient overvoltages are determined by 
the study of special system conditions. Computer- 
aided analysis has proven to be a valuable tool in 
understanding switching surge overvoltages. 

Harmonic resonance voltages are oscillatory 
undamped or only weakly damped temporary over- 
voltages of long duration. They originate from 
switching operations and nonlinear equipment, re- 
flecting several factors that are characteristic of 
the networks during restoration. First, the natural 
frequency of the series-resonant circuit formed by 
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the source inductance and line-charging capacitance 
may, under normal operating conditions, be a low 
multiple of 60 Hz. Next, “magnetizing in-rush” 
caused by energizing a transformer produces many 
harmonics. Finally, during early stages of restoration, 
the lines are lightly loaded; resonance therefore is 
lightly damped, which in turn means the resulting 
resonance voltages may be very high. If transformers 
become overexcited due to power frequency over- 
voltage, harmonic resonance voltages will be sus- 
tained or even escalate. 

Power transformers, surge arresters, and circuit 
breakers are the equipment first affected by over- 
voltages. For transformers, concerns and constraints 
are with exceeding basic insulation levels (BILs), 
overexcitation, harmonic generation, and excessive 
heating. For circuit breakers, concerns are with 
higher transient recovery voltages, restriking, flash- 
over, and lowering of the interruption capability. 
For surge arresters, overvoltages cause operation, 
prevent resealing, and damage the arresters. 

Thus, for control of voltages during system res- 
toration, factors to be considered are the length of 
line to be energized, the size of underlying loads, 
and the adequacy of online generation (minimum 
source impedance). In general, it is desirable to en- 
ergize as large a section of a line as the resulting 
sustained and transient overvoltages will allow. En- 
ergizing small sections tends to prolong the res- 
toration process, but energizing a large section 
involves a risk of damaging equipment insulation. 
Energizing lines with inadequate source impedance 
could result in higher sustained and transient vol- 
tages than equipment can withstand. The startup of 
more out-of-sequence generators, however, would 
use critical time and delay the overall restoration 
process. Underlying loads at the receiving or send- 
ing end of lines tend to reduce the sustained and 
transient voltages. In the case of switching tran- 
sients, operators need to know thé minimum load 
that would avoid transient overvoltages. 

In developing restoration guidelines, the above 
concerns can be addressed by simple analysis and 
simulation, as shown in Figures 6 and 7. Sending- 
and receiving-end sustained and transient voltages 
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Figure 6 
Sending-end transient overvoltages (TOV) of a 230-kV 
line. 





| 

| 

| |y 

a | mn 

E TUNE ssw ME. is 
5 a 

n T d. 

f c E 

| ui quum 

| [a 

ea Vette 

CET lg. 

| "20 40 0 8 100 120 140 160 

E Lengths of Lines (m) 

Figure 7 


Sending-end transient overvoltages (TOV) of open-ended 
lines. 


can be determined for energizing lines of different 
voltage levels and lengths, energized by different 
sizes of generators, and with different sizes of line- 
end cold loads. These results can be used to provide 
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qualitative guidelines to assist operators in energiz- 
ing high (230 kV) and extrahigh (345 and 500 kV) 
voltage lines, as shown in Figure 7. 


Underground transmission systems 

Over 9076 of underground transmission lines are 
of high-pressure oil-filled (HPOF) pipe-type cable, 
with voltages ranging from 69—500 kV. The primary 
concern with such cables is the integrity of the in- 
sulation. After a blackout, power supply to the 
pumping plants that maintain the oil pressure is lost. 
As the cable cools, díssolved gases are liberated, 
forming gas pockets in the ínsulation. Reenergization 
of the cable could then result in immediate failure of 
pothead terminators. Hence, the pumping plant is a 
critical load of very high priority. 

Another concern during cable reenergization is 
the ability of the energizing system to absorb the 
cable's charging current. It should be noted that: |) 
cables are loaded at well below their surge imped- 
ance loading, 2) the MVAr charging currents per 
mile of a cable is about ten times that of an over- 
head line of the same voltage class, and 3) about 2 
MW of load is picked up per one MVAr of charging. 


GENERATOR REACTIVE CAPABILITY 


Transformer tap selection 

The generator reactive capability (GRC) curves 
furnished by manufacturers and used in operation 
planning typically have a greater range than can be 
realized during actual operation. Generally, these 
manufacturers' GRC curves are strictly a Nat of 
the synchronous machine design parameters and do 
not consider plant and system operating conditions 
as limiting factors. Concern over GRC is warranted 
by the need for reactive power to provide voltage 
support for large blocks of power transfer. 

Figure 8 shows the rated and actual reactive 
power capability limits for a 460-MVA generator at 
237-kV system bus voltage. The rated limits repre- 
sent, respectively, the overexcitation limit due to 
rotor overheating, the underexcitation limit due to 
the stator core-end overheating (and the minimum 
excitation limiter relay settings), and the overload 
limit due to the stator overheating. However, more 
restrictive operating limits are imposed by the plant 
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Figure 8 
Rated and actual generator MVAr capability. 


auxiliary bus voltage limits (typically +5%), the gen- 
erator terminal voltage limits (3-576), and the system 
bus minimum and maximum voltages during peak 
and light load conditions. 

The high- and low-voltage limits for the auxiliary 
bus, generator terminal, and system bus are inter- 
related by the tap positions on the generator step- 
up (GSU) and auxiliary (AUX) transformers. It 
should be noted that, in general (particularly in the 
United States), the GSU and AUX transformers are 
not equipped with underload tap changers, and 
therefore these tap positions are very infrequently 
changed after installation. Consequently, as power 
system operating conditions change, it is necessary 
to check these transformer tap positions and ascer- 
tain that adequate over- and underexcitation reac- 
tive power is available to meet the needs of the 
power system under both peak and light load con- 
ditions. 


Remote black-start 

Black-start combustion turbines are often consid- 
ered for remote cranking of steam electric stations 
under partial or complete power system collapse. 
Typically, this type of combustion turbine can be 
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started within 5—15 min, which is well within the 
30-45 min critical time interval allowed for the 
hot restart of drum-type boiler-turbine-generators 
(B-T-Gs). 

In planning for black-start of a steam plant, a 
number of constraints must be considered. Among 
the more important ones are the "sustained" volt- 
age drop (up to 20%, lasting over 10 s) at the steam 
plant's large auxiliary motor terminals, the over- and 
underexcitation limits of the combustion turbine, 
and the settings of the protective relays installed in 
the system between the black-start source and. the 
steam plant. 

In black-start operation, there are many limiting 
factors that impose severe demands on the reactive 
capability of the black-start source. One extreme 
condition is the initial absorption of the charging 
currents of the high-voltage (HV) and extra-high- 
voltage (EHV) lines to the steam plant. Another is 
supplying the reactive power demand for starting 
the largest auxiliary motor in the steam plant. 

As shown in Figure 9, the 42-MVA CT must be 
capable of absorbing about | 5 MVAr when energiz- 
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Figure 9 
Motor start-up sequence. 
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TABLE 2 Cumulative starting and running reactive 
loads of a 75-MW steam plant. 


Sequence of Starting Horsepower Starting 
MVAr* 
0-Local load 4.5 
| -Induced draft fan 6,000 34.9 
2-Forced draft fan 3,000 23.5 
3-Circulating water pump 3,000 25.3 
4—Primary air fan 2,500 24.6 
5-Startup BF pump 2,500 262 
6-Boiler circulating pump 2.000 25.2 
7-Condensate pump 1,500 23.9 
8-River water pump 200 21.8 
9—Auxilary cooling water pump 700 21.4 
|O—Coal mill 700 21.8 
| l-Air compressor 700 22.2 
| 2- Closed cooling water 350 20.9 


* Motor's starting reactive power plus previous motors' running 
reactive powers. 


ing the 230- and 345-kV path between the CT and 
the steam plant and of supplying about 25 MVAr 
when stating the 6,000 hp induced draft fan in the 
75-MW drum-type boiler-turbine-generator (BTG). 
These limiting conditions can be met by optimum 
selections of the GSU and AUX transformer taps 
and by adjusting the voltage set-point at the crank- 
ing source. Table 2 lists, and Figure 9 shows, the 
cumulative starting and running reactive power re- 
quirements of the auxiliary motors in the steam 
plant. 

To determine the set-point and the optimum tap 
positions for all the transformers in the path be- 
tween the cranking source and the steam unit's 
auxiliary bus, a number of analytical tools, including 
optimal power flows, are used to arrive at an ap- 
proximate solution. 


Nuclear plant requirements 

A high restoration priority for utilities having nu- 
clear plants is to provide two independent off-site 
sources of power within 4 h after an outage to en- 
able controlled reactor shutdown and subsequent 
restoration to service within 24 h after the scram. 
Otherwise, the reactor must go through a cooling- 
down cycle which renders it unavailable for two 
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or more days. Therefore, in areas with significant 
nuclear power, full power restoration may not be 
achievable for several days after a blackout. 

Nuclear units are typically large— over 600 
MVV—and usually remotely located. They cannot be 
provided with the required off-site power sources 
until the EHV transmission lines are restored. There 
are a variety of factors, such as adequate reactive 
absorbing capability, the minimum source require- 
meht, and negative sequence currents, that must be 
considered before EHV transmission Jines are ener- 
gized. In general, these requirements cannot be met 
until the third stage of restoration. 


PROTECTION SYSTEM ISSUES 


Distance, differential, and excitation relays 
The performance of protective systems may be 
measured by the relative percentages of |} correct 
and desired relay operations, 2) correct and un- 
desired operations, 3) wrong tripping, and 4) failure 
to trip. lhe primary reason for the second and 
fourth categories is change in the power system to- 
pology. During restoration, the power system un- 
dergoes contínual changes and, therefore, is subject 
to correct and undesired operations and failure to. 
trip. 
It is important that the performance of relays 
and relay schemes be evaluated under restoration 
conditions. The foreknowledge that certain system 
operating conditions could cause correct and un- 
desired operations or failure to trip makes it possi- 
ble to avoid such operating conditions during de- 
velopment and execution of the restoration plan. 
The protective relays that could affect the resto- 
ration procedure include: 


* discance relays without potential restraints 

* out-of-step relays. 

* synchro-check relays 

* negative sequence voltage relays 

* differential relays lacking harmonic restraints 

* V/Hz relays 

* generator underexcitation relays 

* loss-of-field relays 

* underfrequency switched reactor/capacitor re- 
lays. 


Standing phase angle reduction 

The presence of excessive standing phase angle 
(SPA) differences across open circuit breakers 
causes significant delays in restoration. The SPA may 
occur across a tie-line between two connected 
systems or between two connected subsystems. It 
must be brought to a safe limit before an attempt is 
made to close the breaker. 

To determine a safe SPA value, the impact on the 
T-G shaft torque of closing a breaker should be 
evaluated. The T-G shaft torque is the sum of its 
constant-load torque that exists before and the 
transient mechanical torque immediately after clos- 
ing the breaker. The constant-load torque can 
readily be reduced by lowering the generator's real 
power output, but the transient torque can be re- 
duced only by reducing the SPA, a feat not readily 
accomplished. 

There has been a need for an efficient method- 
ology to serve as a guideline for reducing excessive 
SPA without resorting to the raising and lowering of 
various generation levels on a trial and error basis. 


Ta» 150 Mile 500-kV Line 
Ling" 100 Mile 500-kV Line 
NC 50 Mile 500-kV Line . 
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Figure 10 
Current imbalance in 500-kV lines. 


CASE STUDY 573 


Asymmetry issues during restoration 

Many existing EHV lines have asymmetrical (hori- 
zontal) conductor spacing without being transposed. 
These characteristics generate unacceptable nega- 
tive sequence currents (NSCs). Under light load 
conditions and during restoration, NSC has caused 
cascade tripping of a number of generators (result- 
ing in wide-area blackouts), has prevented synchro- 
nízation of incoming generators, and has blocked 
remote black-start of large thermal units. 

As shown in Figure 10, typically the generator 
NSC relays are set at 476 for alarms and 1076 for 
tripping. It is important that when attempting to 
provide an off-site source to a nuclear or other 
large thermal power plant (e.g, in a remote black- 
start), the extent of NSC be determined and, if un- 
acceptable, either the operation be deferred to after 
the initial restoration phase or the appropriate "un- 
derlying load" be determined for connection to the 
receiving end of the EHV lines. 


ESTIMATING RESTORATION DURATION 


Typically, restoration duration is estimated based on 
the availability of various prime movers. In these 
estimates, it is assumed that load can be picked up as 
soon as generation becomes available and thac the 
time required for switching operations to energize 
transformers, lines, start-up of large motors, etc. is 
much less than the time required for generation 
availability. Case studies supported by field tests 
have shown that the above assumptions are not 
necessarily correct, and the restoration duration 
should be estimated using .both the generation 
availability and the switching operations. 

For example, in using the 20-MW combustion 
turbine of Table 3 for remote cranking of the 275- 
MW drum-type B-T-G, if the time estimate for 
cranking operation is well within 30—45 min, the hoc 
restart of the B-T-G could be planned; if not, the B- 
T-G should be scheduled for a cold start-up, which 
requires an elapsed time. of 3—4 h after the system 
collapse. 

The critical path method (CPM) is a technique 
that can be used in restoration planning, scheduling, 
and evaluation. Its strength lies in the fact that pre- 
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TABLE 3 Typical prime movers start-up timings. 


General Data 


Type CT Drum SCOT* 
Unit size, MW 20 275 800 
Fuel Gas Oil Coal 
Duty Peaking Cycle Base 
Min. load, MW 5 30 420** 
Hot Restart (h) 

Max. elapsed time 0.0 i-i 3 
Light-off to synch. 0. | H 4 
Synch to min. load 0.1 ^ Íj 
Min. load to full load 0.1 | I4 
Cold Start-Up (h) 

Min. elapsed time __ 0.0 3-4 8 
Light-off to synch. 0.1 7. 16 
Synch to min. load  ' 0.0 à 3 
Min. load to full load 0. | | p 


* SCOT: Super-critical once-through. 
** Gen. is manually loaded to this load level. 


cise time estimates do not have to be made for each 
action. Using CPM, the restoration plan is broken 
down to levels, tasks, and basic operating actions. 
Operating actions include opening/closing breakers, 
raising/lowering transformer taps, adjusting voltage 
and frequency set-points, and starting auxiliary mo- 
tors. Then, based on operator experience, the op- 
timistic time, the pessimistic time, and the most 
likely time for each action can be determined. Esti- 
mation of duration of various tasks may dictate re- 
vision of the overall restoration plan. In any case, 
one can estimate the duration of the restoration 
with some degree of probability and not base the 
duration estimate merely on the timing of the prime 
movers. 


RESTORATION TRAINING 


During restoration, system operators are faced with 
a state of their system that is quite different from 
that to which they are accustomed in day-to-day 
operation and for which the EMS application pro- 
grams at their disposal were not designed and are 
not well adopted. | 


There are distinct differences between the nor- 


mál state and the restorative state in the type of 
models relevant to each, the objective pursued, and 
the information available at the control center to 
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support the models. In the normal state, the pri- 
mary objective is to minimize the cost of producing 
power, subject to observing certain security con- 
straints. EMS application programs that help attain 
this goal incorporate models that represent the 
simplified, primarily steady-state behavior of power 
systems and incorporate data that is primarily ob- 
tained automatically from the system. 

During the restoration process, by contrast, the 
objective is quite different. The objective here is to 
minimize the restoration time and the amount of 
unserved kilowatthours of energy, with security as a 
subsidiary objective, and without regard to produc- 
tion cost. At the same time, many dynamic phe- 
nomena neglected (or unimportant) during normal 
operation play a critical role during restoration and 
must be taken into account. 

Available generic simulators can provide proce- 
dural training in the early stages of operator training. 
However, for exercising and preparing operators to 
cope with system-specific and tíme-critical emer- 
gency operations such as restoration, high-fidelity 
system-referenced simulators are needed. lt is im- 
portant to note that during the restart and re- 
integration phases of restoration, a power system 
often consists of one or more islands, most of the 
automatic controls have tripped or are deactivated, 
and the system is primarily under manual control. 
During these early phases of restoration, wider 
voltage and frequency ranges are tolerated. Under 
these large perturbations of long duration, the 
models and simulations that have been developed 
for small perturbations will not accurately represent 
the behavior of the power system and its compo- 
nents. 

As shown in Figure |i, drills provide an excellent 
testing ground for the restoration plan and training 
of personnel. If conducted realistically, they wil! un- 
cover potential problems with the existing plan. A 
key to good training and problem solving lies in the 
extent of the exercise. lt should involve as many of 
the people and events that would be involved in an 
actual bulk power system restoration as possible. 
The exercises must be run frequently, and con- 
ditions must be varied so that operators will be 
trained in the handling of unpredictable events. 
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Figure 11 
System restoration cycle. 
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GENERATOR-VOLTAGE CONTROL 


The exciter delivers dc power to the field winding on the rotor of a synchro- 
nous generator. For older generators, the exciter consists of a dc generator 
driven by the rotor. The dc power is transferred to the rotor via slip rings and 
brushes. For newer generators, static or brushless exciters are often employed. 

For static exciters, ac power is obtained directly from the generator ter- 
minals or a nearby station service bus. The ac power is then rectified via 
thyristors and transferred to the rotor of the synchronous generator via slip 
rings and brushes. 

For brushless exciters, ac power is obtained.from an "inverted" 
synchronous generator whose three-phase armature windings are located on 
the main generator rotor and whose field winding 1s located on the stator. 
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Simplified block diagram—generator-voltage control 


The ac power from the armature windings is rectified via diodes mounted on 
the rotor and is transferred directly to the field winding. For this design, slip 
rings and brushes are eliminated. 

Block diagrams of several standard types of generator-voltage control 
systems have been developed by the IEEE Working Group on Exciters [1]. A 
simplified block diagram of generator-voltage control, similar to those given 
in [I], is shown in Figure 11.3. Nonlinearities due to exciter saturation and 
limits on exctter output are not shown in this figure. 

The generator terminal voltage V, in Figure 11.3 is compared with a 
voltage reference Vrer to obtain a voltage error signal AV, which in turn is 
applied to the voltage regulator. The 1/(T,s + 1) block accounts for voltage- 
regulator time delay, where s is the Laplace operator and T, is the voltage- 
regulator time constant. Note that if a unit step is applied to a 1/(T,s + 1) 
block, the output rises exponentially to unity with time constant T,. 

Neglecting the stabilizing compensator in Figure 11.3, the output V, of 
the voltage regulator is applied to the exciter, which is represented by a 
K,/(T,.s + 1) block. The output of this exciter block is the field voltage Eg, 
which is applied to the generator field winding and acts to adjust the genera- 
tor terminal voltage. The generator block, which relates the effect of changes 
in Er to V,, can be developed from synchronous-machine equations [2]. 

The stabilizing compensator shown in Figure 11.3 15 used to improve 
the dynamic response of the exciter by reducing excessive overshoot. The 
compensator is represented by a (K,5)/(T,s + 1) block, which provides a fil- 
tered first derivative. The input to this block is the exciter voltage Era, and the 
output is a stabilizing feedback signal that is subtracted from the regulator 
voltage V,. 

Block diagrams such as those shown in Figure 11.3 are used for 
computer representation of generator-voltage control in transient stability 
computer programs (see Chapter 13). In practice, high-gain, fast-responding 
exciters provide large, rapid increases in field voltage Er during short circuits 
at the generator terminals in order to improve transient stability after fault 
clearing. Equations represented in the block diagram can be used to compute 
the transient response of generator-voltage control. 
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TURBINE-GOVERNOR CONTROL 


Turbine-generator units operating in à power system contain stored kinetic 
energy due to their rotating masses. If the system load suddenly increases, 
stored kinetic energy is released to initially supply the load increase. Also, the 
electrical torque T, of each turbine-generating unit increases to supply the 
load increase, while the mechanical torque T,, of the turbine initially remains 
constant. From Newton's second law, Ja = T,, — T,, the acceleration a is 
therefore negative. That 1s, each turbine-generator decelerates and the rotor 
speed drops as kinetic energy is released to supply the load increase. The 
electrical frequency of each generator, which is proportional to rotor speed 
for synchronous machines, also drops. 

From this, we conclude that eitber rotor speed or generator frequency 
indicates a balance or imbalance of generator electrical torque T, and turbine 
mechanical torque T,,. If speed or frequency is decreasing, then T, 1s greater 
than T,, (neglecting generator losses). Similarly, if speed or frequency is in- 
creasing, T, is less than T,,. Accordingly, generator frequency is an appropri- 
ate control signal for governing the mechanical output power of the turbine. 

The steady-state frequency- power relation for turbine-governor control 
iS 

] 

Apm = pier — RA (11.2.1) 

where Af is the change in frequency, Ap,, is the change in turbine mechanical 


power output, and Aper is the change in a reference power setting. R is called 
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(per unit) 
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the regulation constant. The equation is plotted in Figure 11.4 as a family of 
curves, with Ap,er as a parameter. Note that when Aprer is fixed, Ap,, 1s di- 
rectly proportional to the drop in frequency. 

Figure 11.4 illustrates a steady-state frequency—power relation. When 
an electrical load change occurs, the turbine-generator rotor accelerates or 
decelerates, and frequency undergoes a transient disturbance. Under normal 
operating conditions, the rotor acceleration eventually becomes zero, and the 
frequency reaches a new steady-state, shown in the figure. 

The regulation constant R in (11.2.1) is the negative of the slope of the 
Af versus Ap, curves shown in Figure 11.4. The units of R are Hz/MW 
when .Af is in Hz and Ap, is in MW, When Af and Apm are given in per- 
unit, however, R is also in per-unit. 


Turbine-governor response to frequency change at a generating unit 


A 500-MVA, 60-Hz turbine-generator has a regulation constant R = 0.05 per 


‘unit based on its own rating. If the generator frequency increases by 0.01 Hz 


in steady-state, what 1s the decrease in turbine mechanical power output? 
Assume a fixed reference power setting. 


SOLUTION The per-unit change in frequency 1s 


Af 0.01 | 
Af, = —— = 1.6667 x 10^ per unit 
Jou. Soa. 60 p 


Then, from (11.2.1), with Aprer = 0, 





c 


ADmnpu, = (s as) (1.6667 x 1075) = —3.3333 x 10 ^ per unit 
A Pm = (Apnp.u.)Stass = (—3.3333 x 107*)(500) = —1.6667 MW 
The turbine mechanical power output decreases by 1.67 MW. = 
The steady-state frequency-power relation for one area of an inter- 
connected power system can be determined by summing (11.2.1) for each 


turbine-generating unit in the area. Noting that Af is the same for each unit, 


AP» = APmı EE Apa + Å Pm3 ae oe 


l I 
= (Aperi + Ape) 7 (go eg zt) 
=A NC NT, (1393) 
x: Pref R; R; ees 


where Apm is the total change in turbine mechanical powers and Apyer is the 
total change in reference power settings within the area. We define the area 
frequency response characteristic fl as 
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] 1 
i (Ld) nas 
Using (11.2.3) in (11.2.2), 
Apm = Apret — BAS (11.2.4) 


Equation (11.2.4) is the area steady-state frequency- power relation. The units 
of f are MW/Hz when Af is in Hz and Ap, is in MW. f can also be given in 
per-unit. In practice, f is somewhat higher than that given by (11.2.3) due to 
system losses and the frequency dependence of loads. 

A standard figure for the regulation constant is R — 0.05 per unit. 
When all turbine-generating units have the same per-unit value of R based on 
their own ratings, then each unit shares total power changes 1n proportion to 
its own ratings. This desirable feature 1s illustrated by the following example. 


Response of turbine-governors to a load change in an 
interconnected power system 


An interconnected 60-Hz power system consists of one area with three 
turbine-generator units rated 1000, 750, and 500 MVA, respectively. The 
regulation constant of each unit is R — 0.05 per unit based on its own rating. 
Each unit is initially operating at one-half of its own rating, when the system 
load suddenly increases by 200 MW. Determine (a) the per-unit area fre- 
quency response characteristic f on a 1000 MVA system base, (b) the steady- 
state drop in area frequency, and (c) the increase in turbine mechanical power 
output of each unit. Assume that the reference power setting of each turbine- 
generator remains constant. Neglect losses and the dependence of load on 


frequency. 


SOLUTION 
a. The regulation constants are converted to per-unit on the system base 
using | 


S se(n 

Rop.u.new = Rp.w.old an 

base(old) 

We obtain 

R ip.u.new = Rip.v.old = 0.05 

1000 
R2p.u.new = (0.05) eo = (0.06667 

1000 
R3p.unew = (0.05) E D = 0.10 per unit 


Using (11.2.3), 


peti yl uy + 2450 er unit - 
CRI R R, 005 006667 010 ^" P 
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b. Neglecting losses and dependence of load on frequency, the steady-state 
increase in total turbine mechanical power equals the load increase, 200 
MW or 0.20 per unit. Using (11.2.4) with Aper = 0, 


=] =] E 
Af = cJ A Diss e (0.20) 2 —4.444 x 10 per unit 
= (—4.444 x 107?)(60) = —0.2667 Hz 


The steady-state frequency drop is 0.2667 Hz. 
c. From (11.2.1), using Af = —4.444 x 107? per unit, 


ET 
Api = (oos) (—4.444 x 1077) — 0.08888 per unit 


— 88.88 MW 





== — — -3 = i 
Å Pn (rm 4.444 x 1077) = 0.06666 per unit 
— 66.66 MW 


-1 


Apps = (s 5) (—4.444 x 10?) = 0.04444 per unit 
= 4444 MW 


Note that unit 1, whose MVA rating 1s 334% larger than that of unit 2 and 
100% larger than that of unit 3, picks up 33194 more load than unit 2 and 
100% more load than unit 3. That 1s, each unit shares the total load change in 
proportion to its own rating. [3 


Figure 11.5 shows a block diagram of a nonreheat steam turbine- 
governor, which includes nonlinearities and time delays that were not in- 
cluded in (11.2.1). The deadband- block in this figure accounts for the fact 
that speed governors do not respond to changes in frequency or to reference 
power settings that are smaller than a specified value. The limiter block ac- 


fst order lag Deadband 1st order lag Limiter 


A Dretp u 





Speed governor Turbine 


Ales 


FIGURE 11.5  Turbine-governor block diagram 
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counts for the fact that turbines bave minimum and maximum outputs. The 
1/(Ts +1) blocks account for time delays, where s is the Laplace operator 
and T is a time constant. Typical values are T, = 0.10 and T, = 1.0 seconds. 
Block diagrams for steam turbine-governors with reheat and hydro turbine- 
governors are also available (3]. 





LOAD-FREQUENCY CONTROL 


As shown in Section 11.2, turbine-governor control eliminates rotor accel- 
erations and decelerations following load changes during normal opera- 
tion. However, there is a steady-state frequency error Af when the change in 
turbine-governor reference setting Aper 1s zero. One of the objectives of load- 
frequency control (LFC), therefore, 1s to return Af to zero. 

In a power system consisting of interconnected areas, each area agrees 
to export or import a scheduled amount of power through transmission-line 
interconnections, or tie-ltnes, to its neighboring areas. Thus, a second LFC 
objective is to hàve each area absorb its own load changes during normal op- 
eration. This objective is achieved by maintaining the net tie-line power flow 
out of each area at its scheduled value. 

The following summarizes the two basic LFC objectives for an inter- 
connected power system: 


1. Following a load change, each area should assist in returning the 
steady-state frequency error Af to zero. 


2. Each area should maintain the net tie-line power flow out of the area 
at its scheduled value, in order for the area to absorb its own load 
changes. | 


The following control strategy developed by N. Cohn [4] meets these LFC 
objectives. We first define the area control error (ACE) as follows: 


ACE = (Pie — Pie, sched ) Br By(f ES 60) 
= Api, + Bj Af (11.3.1) 


where Aptie is the deviation in net tie-line power flow out of the area from its 
scheduled value pj. scheg and Af is the deviation of area frequency from its 
scheduled value (60 Hz). Thus, the ACE for each area consists of a linear 
combination of tie-line error Api, and frequency error Af. The constant B; is 
called a frequency bias constant. 

The change in reference power setting Aprep of each turbine-governor 
operating under LEC is proportional to the integral of the area control error. 
That is, 


Ni = [AcE di (113.2) 
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EXAMPLE 11.3 


FIGURE 11.6 
Example 11.3 


Each area monitors its own tie-line power flows and frequency at the area 
control center. The ACE given by (11.3.1) is computed and a percentage 
of the ACE is allocated to each controlled turbine-generator unit. Raise or 
lower commands are dispatched to the turbine-governors at discrete time in- 
tervals of two or more seconds in order to adjust the reference power settings. 
As the commands accumulate, the integral action in (11.3.2) is achieved. 

The constant K; in (11.3.2) 1s an integrator gam. The minus sign in 
(11.3.2) 1ndicates that if either the net tie-line power flow out of the area or 
the area frequency is low—that is, if the ACE is negative—then the area 
should increase its generation. 

When a load change occurs in any area, a new steady-state operation 
can be obtained only after the power output of every turbine-generating unit 
in the interconnected system reaches a constant value. This occurs only when 
all reference power settings are zero, which in turn occurs only when the 
ACE of every area 1s zero. Furthermore, the ACE is zero in every area only 
when both Ap;, and Af are zero. Therefore, in steady-state, both LFC ob- 
jectives are satisfied. 


Response of LFC to a load change in an interconnected power system 


As shown in Figure 11.6, a 60-Hz power system consists of two intercon- 
nected areas. Area | has 2000 MW of total generation and an area frequency 
response characteristic 6, = 700 MW/Hz. Area 2 has 4000 MW of total gen- © 
eration and fj, = 1400 MW/Hz. Each area is initially generating one-half of 
its tota] generation, at A Piei = Ape» = 0 and at 60 Hz when the load in area 
1 suddenly increases by 100 MW. Determine the steady-state frequency error 
Af and the steady-state tie-line error A Pue of each area for the following two 
cases; (a) without LFC, and (b) with LFC given by (11.3.1) and (11.3.2). Ne- 
glect losses and the dependence of load on frequency. 


SOLUTION 


a. Since the two areas are interconnected, the steady-state frequency error Af 
is the same for both areas. Adding (11.2.4) for each area, 


(Apm + Apm) = (Apri + Apier2) — (8; + B2)AS 
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Neglecting losses and the dependénce of load on frequency, the steady- 
state Increase in total mechanical power of both areas equals the load in- 
crease, 100 MW. Also, without LFC, Aper and Apem are both zero. The 
above equation then becomes 

100 = —(fl, + B,)Af = —(700 + 1400)A£ 

Af = —100/2100 = —0.0476 Hz 
Next, using (11.2.4) for each area, with Aprer = 0, 

Apm = —f, Af = —(700)(—0.0476) = 33.33 MW 

Ap, = —B,Af = —(1400)(—0.0476) = 66.67 MW 


In response to the 100-MW load increase in area 1, area | picks up 33.33 
MW and area 2 picks up 66.67 MW of generation. The 66.67-MW in- 
crease in area 2 generation is transferred to area | through the tie-lines. 
Therefore, the change in net tie-line power flow out of each area is 


APtieg = +66.67 MW 
APtiey = —66.67 MW 
b. From (11.3.1), the area control error for each area is 

ACE; = Apian + Bi Afi 

ACE» = Apre: + B24) 
Neglecting losses, the sum of the net tie-line flows must be zero; that 1s, 
A Diel + Å Pie = 0 or Api = —ADPtie:. Also, in steady-state Afi = Af; = 
Af. Using these relations in the above equations, 

ACE; = A Pie + Bi Af 

ACE; = —Apiie: + BoAf 


In steady-state, ACE; = ACE, = 0; otherwise, the LFC given by (11.3.2) 
would be changing the reference power settings of turbine-governors on 
LFC. Adding the above two equations, 


ACE; + ACE; = 0 = (Bi -+ B2)Af 


Therefore, Af = 0 and Apie = Apes = 0. That is, in steady-state the fre- 
quency error is returned to zero, area | picks up its own 100-MW load in- 
crease, and area 2 returns to its original operating condition—that is, the 
condition before the load increase occurred. 


We note that turbine-governor controls act almost instantaneously, 
subject only to the time delays shown in Figure 11.5. However, LFC acts 
more slowly. LFC raise and lower signals are dispatched from the area con- 
trol center to turbine-governors at discrete-time intervals of 2 or more sec- 
onds. Also, it takes time for the raise or lower signals to accumulate. Thus, 
case (a) represents the first action. Turbine-governors in both areas rapidly 
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respond to the load increase in area 1 in order to stabilize the frequency drop. 
Case (b) represents the second action. As LFC signals are dispatched to 
turbine-governors, Af and Ap. are slowly returned to zero. [ 


The choice of the By and K; constants in (11.3.1) and (11.3.2) affects 
the transient response to load changes—for example, the speed and stability 
of the response. The frequency bias By should be high enough such that each 
area adequately contributes to frequency control. Cohn [4] has shown that 
choosing By equal to the area frequency response characteristic, By = fj, gives 
satisfactory performance of the interconnected system. The integrator gain K; 
should not be too high; otherwise, instability may result. Also, the time inter- 
val at which LFC signals are dispatched, 2 or more seconds, should be long 
enough so that LFC does not attempt to follow random or spurious load 
changes. A detailed investigation of the effect of By, K; and LFC time inter- 
val on the transient response of LFC and turbine-governor controls is beyond 
the scope of this text. 

Two additional LFC objectives are to return the integral of frequency 
error and the integral of.net tie-line error to zero in steady-state. By meeting 
these objectives, LFC controls both the time of clocks that are driven by 60- 
Hz motors and energy transfers out of each area. These two objectives are 
achieved by making temporary changes in the frequency schedule and tie-Iine 
schedule in (11.3.1). 

Finally, note -that LFC maintains control during normal changes in 
load and frequency—that 1s, changes that are not too large. During emer- 
gencies, when large imbalances between generation and load occur, LFC is 
bypassed and other, emergency controls are applied. 


ECONOMIC DISPATCH 


Section 11.3 describes how LFC adjusts the reference power settings of 
turbine-governors in an area to control frequency and net tie-line power flow 
out of the area. This section describes how the real power output of each 
controlled generating unit in an area 1s selected to meet a given load and to 
minimize the total operating costs in the area. This 1s the economic dispatch 
problem [5]. 

We begin this section by considering an area with only fossil-fuel gen- 
erating units, with no constramts on maximum and minimum generator out- 
puts, and with no transmission losses. The economic dispatch problem is first 
solved for this idealized case. Then we include inequality constraints on 
generator outputs; then we include transmission losses. Next we discuss the 
coordination of economic dispatch with LFC. Finally, we briefly discuss 
the dispatch of other types of units including nuclear, pumped-storage hydro, 
and hydro units. | 


FIGURE 11.7 


Unit operating cost 
versus real power 
output —fossil-fuel 
generating unit 
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FOSSIL-FUEL UNITS, NO INEQUALITY 
CONSTRAINTS, NO TRANSMISSION LOSSES 


Figure 11.7 shows the operating cost Cj of a fossil-fuel generating unit versus 
real power output P;. Fuel cost is the major portion of the variable cost of 
operation, although other variable costs, such as maintenance, could have 
been included in the figure. Fixed costs, such as the capital cost of installing 
the unit, are not included. Only those costs that are a function of unit power 
output—that is, those costs that can be controlled by operating strategy — 
enter into the economic dispatch formulation. 

In practice, C; is constructed of piecewise continuous functions valid for 
ranges of output P;, based on empirical data. The discontinuities in Figure 
11.7 may be due to the firing of equipment such as additional boilers or con- 
densers as power output 1s increased. It 1s often convenient to express C; in 
terms of BTU/hr, which is relatively constant over the lifetime of the unit, 
rather than $/hr, which can change monthly or daily. C; can be converted to 
$/hr by multiplying the fuel input in BTU/hr by the cost of fuel in $/BTU. 

Figure.11.8 shows the unit incremental operating cost dC;/dP; versus 
unit output P;, which is the slope or derivative of the C; versus P; curve in 
Figure 11.7. When C; consists of only fuel costs, dC;/dP; is the ratio of the 
incremental fuel energy input in BTU to incremental energy output m kWhr, 
which is called incremental heat rate. Note that the reciprocal of the heat 
rate, which is the ratio of output energy to input energy, gives a measure of 
fuel efficiency for the unit. For the unit shown in Figure 11.7, maximum effi- 
ciency occurs at P; = 600 MW, where the heat rate is C/P = 5.4 x 10?/600 x 
10? = 9000 BTU/kWhr. The efficiency at this output is 


; ] kWhr BTU 
percentage efficiency — 9006 BTU 13 Whr 








x 100 = 37.92% 


Unit operating cost C; 


($/hr) (BTU/hr) 


10 x 10? 


8 x 10? 


6 x 10? 


4 x 10? 


2 x 108 
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Unit incremental 
operating cost versus 
real power output— 
fossil-fuel generating 

unit 
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Unit incremental operating cost ac, 


aP, 
(S/kWhr) (BT U/kWhr) 





200 400 600 800 " 1000 
Unit output P. (MW) 


The dC;/dP; curve in Figure 11.8 is also represented by piecewise con- 
tinuous functions valid for ranges of output P;. For analytical work, the 
actual curves are often approximated by straight lines. The ratio dC;/dP; can 
also be converted to $/kWhr bv m='tiplying the incremental heat rate in 
BTU/kWhr by the cost of fuel in $/BTU. 

For the area of en interconne:icd power system consisting of N units - 
operating on economic dispatch, the total variable cost Cr of operating these 
units 1s 


N 
Cr= 0G 


= Cj (Pi) + Co(P5) +---+Cn(Py) $/hr (11.4.1) 


where C;, expressed in $/hr, includes fuel cost as well as any other variable 
costs of unit i. Let Pr equal the total load demand in the area. Neglecting 
transmission losses, . 


P) +P, +--+ Py =P (11.4.2) 


Due to relatively slow changes in load demand, Pr may be considered con- 
stant for periods of 2 to 10 minutes. The economic dispatch problem can be 
stated as follows: 


Find the values of unit outputs P1, P2,...,Py that minimize Cr given 
by (11.4.1), subject to the equality constraint given by (11.4.2). 


A criterion for the solution to this problem is: All units on economic dispatch 
should operate at equal incremental operating cost. That 1s, 
C C dC 
dCi A n EN (11.4.3) 
dP) dP; dPy 
An intuitive explanation of this criterion is the following. Suppose one unit is 
operating at a higher incremental operating cost than the other units. If the 
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output power of that unit 1s reduced and transferred to units with lower in- 
cremental operating costs, then the total operating cost Cy decreases. That is, 
reducing the output of the unit with the higher incremental cost results in a 
greater cost decrease than the cost increase of adding that same output re- 
duction to units with lower incremental costs. Therefore, all units must oper- 
ate at the same incremental operating cost (the economic dispatch criterion). 

A mathematical solution to the economic dispatch problem can also be 
given. The minimum value of Cy occurs when the total differential dCy is 
zero. That is, 


OCT QCT OCT 
dC JP, {+ BP, dP, + F D. N ( 1.4.4) 
Using (11.4.1), (11.4.4) becomes 
dC, dC» dCy 
dC; = —— —~ dP +---+—— dPy =0 4.5 
Cr TP, dP; + dP; 459 eee ae dP« Py (11.4.5) 
Also, assuming Pr is constant, the differentia! of (11.4.2) is 
dP, +dP>+.---+dPy =0 (11.4.6) 


Multiplying (11.4.6) by A and subtracting the resulting equation from 
(11.4.8, | 


dC, dC» dCy 
Dae ria DN Le EN 9 = 4. 
E i dP tt ES dP + + e i dPy=0 (11.4.7) 


Equation (11.4.7) is satished when each term in parentheses equals zero. That 
15, ; 


dC; dC; — dCy © | | 
JB ae =p, ^ (11.4.8) 


Therefore, all units have the same incremental operating cost, denoted here 
by A, in order to minimize the total operating cost Cr. 


Economic dispatch solution neglecting generator limits and line losses 


An area of an interconnected power system has two fossil-fuel units operating 
on economic dispatch. The variable operating costs of these units are given 


by 

C; = 10P; +8 x 10°P? $/hr 

C; = 8P; +9 x 107P2 |: $/hr 
where P; and P; are in megawatts. Determine the power output of each unit, 
the incremental operating cost, and the total operating cost Cr that mini- 


mizes Cr as the total load demand Pr varies from 500 to 1500 MW. Gen- 
erating unit inequality constraints and transmission losses are neglected. 
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SOLUTION The incremental operating costs of the units are 


dCi _ 10416 x 102P,. $/MWhr 
dPi 

we? 8..18x 107P, $/MWhr 
iP; 


Using (11.4.8), the minimum total operating cost occurs when 


dC; —3 dC; -3 
JP, = 10 + 16 x 107P; = I le P» 


Using P? = Pr — P}, the preceding equation becomes 
10 + 16 x 107P, = 8 + 18 x 107(P4 — Pi) 
Solving for Pi, 


18 x 10?P1 — 2 
Prs ain s 0.5294P, — 58.82 MW 


Also, the incremental operating cost when Cr is minimized is 


dC, 4C 


0 -3P = 1 -3 
dp, = gp, ~ 10+ 16 x 107P, = 10 + 16 x 107 (0.5294Pr — 58.82) 


= 9.0589 + 8.4704 x 107°Py $/MWhr 
and the mmimum total operating cost is 
Cy = C; 4 C? = (10P, +8 x 107P?) + (8P2 +9 x 10°°PŻ) $/hr 


The economic dispatch solution is shown in Table 11.1 for values of Pr from 
500 to 1500 MW. 


Pr P, P dCi /dP, Cr 


MW MW MW $/MWhr $/hr 
500 206 294 13.29 5529 
600 259 341 14.14 6901 
700 312 388 14.99 8358 
800 365 435 15.84 9899 
900 418 482 16.68 11525 
1000 471 529 — 1753 13235 
1100 524 576 18.38 15030 
1200 576 624 19.22 16910 
1300 629 671 20.07 18875 
1400 682 718 20.92 20024 


1500 735 765 21.76 23058 
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EFFECT OF INEQUALITY CONSTRAINTS 


Each generating unit must not operate above its rating or below some mini- 
mum value. That is, 


Pimin < P; <Pimax  #=1,2,...,N (11.4.9) 


Other inequality constraints may also be included in the economic dispatch 
problem. For example, some unit outputs may be restricted so that certain 
transmission lines or other equipments are not overloaded. Also, under ad- 
verse weather conditions, generation at some units may be limited to reduce 
emissions. 

When inequality constraints are included, we modify the economic dis- 


: patch solution as follows. If one or more units reach their limit values, then 


these units are held at their limits, and the remaining units operate at equal 
incremental operating cost A. The incremental operating cost.of the area 
equals the common 4 for the units that are not at their limits. 


Economic dispatch solution including generator limits 
Rework Example 11.4 if the units are subject to the following inequality 
constraints: 
100 < P, $600 MW 
400 < P,x1000 MW 
SOLUTION At light loads, unit 2 operates at its lower limit of 400 MW, 


where its incremental operating cost is dC2/dP, = 15.2 $/MWhr. Additional | 
load comes from unit 1 until dC; /dP, = 15.2 $/MWhr, or 


dC ed 
dP, = 102-16 x 10°°Py = 15.2 
P;2325 MW 


For Pr less than 725 MW, where P, is less than 325 MW, the incremental 
operating cost of the area is determined by unit | alone. 

At heavy loads, unit 1 operates at its upper limit of 600 MW, where its 
incremental operating cost is dCi /dP; = 19.60 $/MWhr. Additional load 
comes from unit 2 for all values of dC,/dP2 greater than 19.60 DUM At 
dC5/dP, = 19.60 $/MWhr, 


Jp o PM P, = 19.60 
P, = 644 MW 


For Py greater than 1244 MW, where P; is greater than 644 MW, the incre- 
mental operating cost of the area is determined by unit 2 alone. 
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For 725 < Py < 1244 MW, neither unit has reached a Jimit value, and 
the economic dispatch solution is the same as that given in Table 11.1. 

The solution to this example is summarized in Table 11.2 for values of 
Pr from 500 to 1500 MW. 


Py Pi Pj dC/dP Cy 
MW MW MW $/MWhr $/hr 
500 100 400 11.60 5720 
600 200 400 dC, J 13,20 6960 
700 300 400 dP, | 14.80 8360 
725 325 400 15.20 8735 
800 365 435 15.84 0899 
900 418 482 16.68 11525 
1000 47] 529 17.53 13235 
1100 524 576 18.38 15030 
1200 576 624 19.22 16910 
1244 600 644 19.60 17765 
1300 600 700 dC; | 20.60 18890 
1400 600 800 dP, | 22.40 21040 
1500 600 900 24.20 23370 

ii 


PowerWorld Simulator —economic dispatch, including generator limits 


PowerWorld Simulator case Example 11_6 uses a five-bus, three-generator 
lossless case to show the interaction between economic dispatch and the 
transmission system. The vanable operating costs for each of the units are 
given by 

C, = 10P, +0.016P? $/hr 

C; = 8P; + 0.018P5 $/br 

C4 = 12P, + 0.018P7 $/hr 


where P;, P5, and P, are the generator outputs in megawatts. Each generator 
has minimum/maximum limits of 


100 < P, < 400 MW 
150 < P; < 500 MW 
50 < Py < 300 MW 


In addition to solving the power-flow equations, PowerWorld Simulator 
can simultaneously solve the economic dispatch problem to optimally allo- 
cate the generation in an area. To turn on this option, select Case Infor- 
mation, Areas... to view a list of each of the control areas in a case (just 


. one in this example). Then toggle the AGC Status field to ED. Now anytime 


the power-flow equations are solved, the generator outputs are also changed 
using the economic dispatch. 
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Initially the case has a total load of 392 MW, with an economic dis- 
patch of P, = 141 MW, P, = 181, and P4 = 70, with an incremental operat- 
ing cost, À, of 14.52 $/MWh. To view a graph showing the incremental cost 
curves for all of the area generators, right-click on any generator to display 
the generator's local menu, and then select “All Area Gen IC Curves" (right- 
click on the graph's axes to change their scaling). 

To see how changing load tmpacts the economic dispatch and power- 
flow solutions, first select Simulation, Solve and Animate to begin the simula- 
‘tion, Then, on the one-line, click on the up/down arrows next to the Load 
Scalar field. This field 1s used to scale the load at each bus in the system. No- 
tice that the change in the Total Hourly Cost field is well approximated by 
the change in the load multiplied by the incremental operating cost. 

Determine the maximum amount of load this system can supply with- 
out overloading any transmission line with the generators dispatched using 
economic dispatch. 


SOLUTION The maximum system economic loading is determined numeri- 
cally to be 655 MW (which occurs with a Load Scalar of 1.67), with the line 
from bus 2 to bus 5 being the critical element. 


63 MW ÁN 131 MW 
49 MVR 


1.00 pu 


265r 


V/ 33 MVR AGC ON 


Total Hourly Cost: 9934.49 $/hr Load Scalar: 1.678 
Total Area Load: 654.6 MW | 
Marginal Cost ($/MWh): 17.54 





Example 11.6: With maximum economic loading ir 
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EFFECT OF TRANSMISSION LOSSES 


Although one unit may be very efficient with a low incremental operating 
cost, it may also be located far from the load center. The transmission losses 
associated with this unit may be so high that the economic dispatch solution 
requires the unit to decrease its output, while other units with higher incre- 
mental operating costs but lower transmission losses increase their outputs. 

When transmission losses are included in the economic dispatch prob- 
lem, (11.4.2) becomes 


P, +P +--:+Py —Py =Pr (11.4.10) 


where Pr is the total load demand and Pj is the total transmission loss in 
the area. In general, Pr, is not constant, but depends on the unit outputs 
P1, P2,..., Py. The tota] differential of (11.4.10) is 


P, | ôP oP, \ 
(@P + dP3 + dP) - (SEE api + e dPat + FE dP) = 0 


(11.4.11) 


Multiplying (11.4.11) by A and subtracting the resulting equation from 
(11.4.5), 


dC OP; dC» OP, 
ea J ——^t- eei 4L AR —M 


dCy ôP | | 
deco 7 e aia NN - A. 
(Set SP, iJ dPy. 0 (11.4.12) 


Equation (11.4.12) is satisfied when each term in parentheses equals zero. 
That is, 





dC; P S 
7s Sp 4-9 
or | 
dC; dC; l 
Ja ne ey NR: 11.4.13 
OP; | i 


Equation (11.4.13) gives the economic dispatch criterion, including transmis- 
sion losses. Each unit that is not at a limit value operates such that its 1ncre- 
mental operating cost dC;/dP; multiplied by the penalty factor L; 1s the same. 
Note that when transmission losses are negligible, dP, /0P; = 0, L; = 1, and 
(11.4.13) reduces to (11.4.8). 
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EXAMPLE 11.7 Economic dispatch solution including generator limits and line losses 


Total transmission losses for the power system area given in Example 11.5 
are given by 
Pp = 1.5x 1071P? +2 x 10?7P,P3 +3 x 1075P? MW 


where P, and P; are given in megawatts. Determine the output of each unit, 
total transmission losses, total load demand, and total operating cost Cr 
when the area 2 = 16.00 $/MWhr. 


SOLUTION Using the incremental operating costs from Example 11.4 in 


(11.4.13), : 
dC; l m 10+ l6 x 103P = 16.00 
dP P | 1—(3x10-4P,) +2 x 10P5) — 
OP 


= 16.00 


dP; ur ~ 1-(6x105P, +2 x 105P) 


ôP: 





ss ( ] | 84-18 x 10P; 


Rearranging the above two equations, 
20.8 x 103P, + 32 x 1075P, = 6.00 
32 x 107P, + 18.96 x 107P, = 8.00 
Solving, 
P; =282 MW P = 417 MW 
Using the equation for total transmission losses, 
Pi = 1.5 x 107*(282)? + 2 x 1075(282)(417) + 3 x 10? (417)? 
= 19.5 MW 
From (11.4.10), the total load demand is 
Py = Py + P — Pi = 282 + 417 — 19.5 = 679.5 MW 


Also, using the cost formulas given in Example 11.4, the total operating cost 
ÍS 


Cr = Cı + C; = 10(282) + 8 x 1073(282)? + 8(417) +9 x 1073(417)° 
= 8357 $/hr 
Note that when transmission losses are included, 4 given by (11.4.13) is no 


longer the incremental operating cost of the area. Instead, A4 is the unit incre- 
mental operating cost d C;/dP; multiplied by the unit penalty factor L;. E 
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EXAMPLE 11.8 PowerWorld Simulator—economic dispatch, including generator 


limits and line losses 


Example 11.8 repeats the Example 11.6 power system. except that now losses 
are included. with each transmission line modeled with an R/X ratio of 1/3. 
The current value of each generator's loss sensitivity, CP /CPG, is shown tm- 
mediately below the generator s MW output field. Calculate the penalty fac- 
tors L;, and verify that the economic dispatch shown in the figure is optimal. 
Assume a Load Scalar of 1.0. 


SOLUTION From (11.4.13) the condition for optimal dispatch ts 

4 = dC;/dP,(1/(1 — @PL/@P;) 2 dCj/dPL; — i9 1,2.....N 
with 

L; = 1/(1 — 6P /CPj) 
Therefore. r= 1.0: La 0. 9733.-and Ly = 09238. 










58 MW 7 56 MW 39 MW 39 MW 78 MW 
c A cd 29 MVR 
1.05 pu A = 0-99 pul Ge j 
1 : A : : 1.00 pu 
72 17 147 MW e 
MW © 52 MW À Tas 2 (ED) sz 
i -0.083 
AGC ON 
20 MW 
0.96 pu 
S 
39 MW £M 1828 | Rhy” 127 MW 
20 MVR D -0.027 39 MUR 
AGC ON 
Total Hourly Cost: 5914.17 $/hr Load Scalar; 1.008 
Total Area Load: 392.0 MW MW Losses: 12.44 MW 


Marginal Cost ($/MWh): 14.16 


Example 11.8: Five-bus case with transmission line losses 
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With P1 = 130.1 MW, dC, /dP, kL) = (10 + 0.032 « 130.1) x 1.0 
— 416 $/MWh 


With P; 2181.8 MW, dC;/dP. * Ls = (8 + 0.036 « 181.8) + 0.9733 
=14.16 S/MWh 


With P4 = 92.4 MW, = dCi/dP, x La = (12 + 0.036 « 92.4) « 0.9238 
= 14.16 $/MWh i 
In Example 11.7, total transmission losses are expressed as a quadratic 
function of unit output powers. For an area with N units, this formula gen- 
eralizes to 


N N 
Pe =X $ PBP; (11.4.14) 


i=] j=l 


where the Bj; terms are called /oss coefficients or B coefficients. The B coeth- 
cients are not truly constant, but vary with unit loadings. However, the B co- 
effüicients are often assumed constant in practice since the calculation of 
OP, /OP; is thereby simplified. Using (11.4.14), 


PL d 
2,7 2) | ByPj (11.4.15) 
j=l 

This equation can be used to compute the penalty factor L; in (11.4.13). 

Various methods of evaluating B coefficients from power-flow studies 
are available |6|. In practice, more than one set of B coethcients may be used 
during the daily load cycle. 

When the unit incremental cost curves are linear, an analvtic solution to 
the economic dispatch problem is possible, as illustrated by Examples 11.4- 
[1.6. However, in practice, the incremental cost curves are nonlinear and 
contain discontinuities. In this case, an iterative solution by digital computer 
can be obtained. Given the load demand Pr, the unit incremental cost curves. 
generator limits, and B coefficients, such an iterative solution can be obtained 
by the following nine steps. Assume that the incremental cost curves are 
stored in tabular form, such that a unique value of P; can be read for each 
dC; /dP;. 


STEP | Set iteration index m = 1. 
STEP 2 Esttmate mth value of å. 


STEP 3 Skip this step for all m > 1. Determine initial unit outputs 
P; (i2 1,2,..., N). Use dC;/dP; = A and read P; from each 
incremental operating cost table. Transmission losses are ne- 
glected here. 


STEP 4 Compute OP; /OP; from (11.4.15) (i = 1,2,...,N). 
STEP5 Compute dC;/dP; from (11.4.13) (i= 1,2,..., N}. 
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STEP 6 Determine updated values of unit output P; (i = 1.2,...,N), 
Read P; from each incremental operating cost table. If P; ex- 
ceeds a limit value, set P; to the limit value. 


STEP 7 Compare P; determined tn Step 6 with the previous value 


(i= 1.2..... N). If the change in each unit output is less than 
a specified tolerance £, go to Step 8. Otherwise, return to Step 
4. 


STEP 8 Compute Pj from (11.4.14). 
N 
STEP9 If P; | — Py —Pr| is less than a specified tolerance £7, 


i=] 


stop. Otherwise, set nı = m + 1 and return to Step 2. 


Instead of having their values stored in tabular form for this procedure, the 
incrementa] cost curves could instead be represented by nonlinear functions 
such as polynomials. Then, in Step 3 and Step 5 each unit output P; would be 
computed from the nonlinear functions instead of being read from a table. 
Note that this procedure assumes that the total load demand Py is constant. 
In practice, this economic dispatch program is executed every few minutes 
with updated values of Pr. 


Cconomic 
dispatch 
for unit ! 
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f. output - 
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To other 
controlled units 
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dispatch power 
K, = Proportion of ACE shared by unit i $ P, 
Kz, = Proportion of total load deviation shared by unit | Total actual 
K4, = Control gam for unit i generation 


FIGURE 11.9 Automatic generation control [11] (A. J. Wood and B. F. Wollenberg, Power 
Generation, Operation, and Control (New York: Wiley, 1989) 
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COORDINATION OF ECONOMIC DISPATCH WITH 
LFC 


Both the load-frequency contro] (LFC) and economic dispatch objectives 
are achieved by adjusting the reference power settings of turbine-governors 
on control. Figure 11.9 shows an automatic generation control strategy for 
achieving both objectives in a coordinated manner. As shown, the area con- 
trol error (ACE) ts first computed, and a share Kı; ACE ts allocated to each 
unit. Second, the deviation of total actual generation from total desired gen- . 
eration is computed, and a share Ka; 5 (Pip — Pj) is allocated to unit ;. Third, 
the deviation of actual generation from desired generation of unit i 1s com- 
puted, and (Pip — Pj) is allocated to unit j. An error signal formed from these 
three components and multiplied by a control gain Ka; determines the raise 
or lower signals that are sent to the turbine-governor of each unit / on con- 
trol. 

In practice, raise or lower signals are dispatched to the units at discrete 
time intervals of 2 to 10 seconds. The desired outputs P;p of units on control, 
determined from the economic dispatch program, are updated at slower in- 
tervals, typically every 2 to 10 minutes. 


OTHER TYPES OF UNITS 


The economic dispatch criterion has been derived for a power system area 
consisting of fossil-fuel generating units, In practice, however, an area has a 
mix of different types of units including fossil-fuel, nuclear, pumped-storage 
hydro, hydro, wind, and other types. 

Although the fixed costs of a nuclear unit may be high, their operating 
costs are low due to inexpensive nuclear fuel. As such, nuclear units are nor- 
mally base-loaded at their rated outputs. That ts, the reference power settings 
of turbine-governors for nuclear units are held constant at rated output; 
therefore, these units do not participate in LFC or economic dispatch. 

Pumped-storage hydro is a form of energy storage. During off-peak 
hours these units are operated as synchronous motors to pump water to a 
higher elevation. Then during peak-load hours the water is released and the, 
units are operated as synchronous generators to supply power. As such, 
pumped-storage hydro units are used for light-load build-up and peak-load 
shaving. Economic operation of the area 1s improved by pumping during off- 
peak hours when the area / is low, and by generating during peak-load hours 
when 4 is high. Techniques are available for incorporating pumped-storage 
hydro units into economic dispatch of fossil-fuel units [7]. 

In an area consisting of hydro plants located along a river, the objective 
is to maximize the energy generated over the yearly water cycle rather than 
to minimize total operating costs. Reservoirs are used to store water during 
high-water or light-load periods, although some water may have to be re- 
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leased through spillways. Also, there are constraints on water levels due to 
river transportation, irrigation, or fishing requirements. Optimal strategies 
are available for coordinating outputs of plants along a river [8]. Economic 
dispatch strategies for mixed fossil-fuel/hydro systems are also available (9, 
10, 111. 

Techniques are also available for including reactive power flows in the 
economic dispatch formulation, whereby both active and reactive powers are 
selected to minimize total operating costs. In particular, reactive injections 
from generators, switched capacitor banks, and static var systems, along with 
transformer tap settings, can be selected to minimize transmission-line losses 
[I1]. However, electric utility companies usually control reactive power lo- 
cally. That is, the reactive power output of each generator is selected to con- 
trol the generator termunal voltage, and the reactive power output of each 
capacitor bank or static var system located at a power system bus is selected 
to control the voltage magnitude at that bus. In this way, the reactive power 
flows on transmission lines are low, and the need for central dispatch of reac- 
tive power is eliminated. 





OPTIMAL POWER FLOW 


Economic dispatch has one significant shortcoming—it ignores the limits im- 
posed by the devices in the transmission system. Each transmission line and 
transformer has a limit on the amount of power that can be transmitted 
through it, with the limits arising because of thermal, voltage, or stability 
considerations (Section 5.6). Traditionally, the transmission system was de- 
signed so that when the generation was dispatched economically there would 
be no limit violations. Hence, just solving economic dispatch was usually 
sufficient. However, with the worldwide trend toward deregulation of the elec- 
tric utility industry, the transmission system 1s becoming increasingly con- 
strained. For example, in the PJM power market in the eastern United States 
the costs associated with active transmission line and transformer limit viola- 
tions increased from $65 million 1n 1999 to almost $2.1 billion in 2005 [14]. 
The solution to the problem of optimizing the generation while en- 
forcing the transmission lines is to combine economic dispatch with the 
power flow. The result is known as the optimal power flow (OPF). There 
are several methods for solving the OPF, with the linear programming 
(LP) approach the most common [13] (this is the technique used with Power- 
World Simulator). The LP OPF solution algorithm iterates between solving 
the power flow to determine the flow of power in the system devices and 
solving an LP to economically dispatch the generation (and possibility other 
controls) subject to the transmission system limits. In the absence of system 
elements loaded to their limits, the OPF generation dispatch will be identical 
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to the economic dispatch solution, and the marginal cost of energy at each 
bus wil] be identical to the system 4, However, when one or more elements 
are loaded to their limits the economic dispatch becomes constrained, and the 
bus marginal energy prices are no longer identical. In some electricity mar- 
kets these marginal prices are known as the Locational Marginal Prices 
(LMPs) and are used to determine the wholesale price of electricity at various 
locations in the system. For example, the real-time LMPs for the Midwest 
ISO are available online at www.midwestmarket.org. | 


EXAMPLE 11.9 PowerWorld Simulator—optimal power flow 


PowerWorld Simulator case Example 11, 9 duplicates the five-bus case from 
Example 11.6, except that the case will be solved using PowerWorld Simu- 
lators LP OPF algorithm. To turn on the OPF option, first select Case 
Information, Areas..., and toggle the AGC Status field to OPF. Finally, 
rather than solving the case with the ‘Single Solution" button, select LP 
OPF, Primal LP to solve using the LP OPF. Initially the OPF solution 
matches the ED solution from Example 11.6 since there are no overloaded 
lines. The green-colored fields immediately to the right of the buses show the. 
marginal cost of supplying electricity to each bus in fhe system (1.e., the bus 


16.17 5/MWh 


71 MW © 227w Ny 229 3] 


QJ 35 MVR AGC ON 70.6 MVR 


Total Hourly Cost: "11073.81 $/hr Load Scalar: 1-804 
Total Area Load: 705.6 MW 
Marginal Cost ($/MWh): 22.97 





Example 11.9: Optimal Power-Flow solution with load multiplier = 1.80 
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LMPs). With the system initially unconstrained, the bus marginal prices are 
all identical at $14.53/MWh, with a Load Scalar of 1.0. 

Now tncrease the Load Scalar field from 1.00 to the maximum eco- 
nomic loading value, determined to be 1.67 in Example 11.6, and again select 
LP OPF, Primal LP. The bus marginal prices are still all identical, now at a 
value of $17.52/M Wh. with the Jine from bus 2 to 5 just reaching its maxi- 
mum value. For load scalar values above 1.67, the line from bus 2 to bus 5 
becomes constrained, with a result that the bus marginal prices on the con- 
stramed side of the line become higher than those on the unconstrained side. 

With the load scalar equal to 1.80. numerically verify that the price of 
power at bus 5 is approximately $40.08/M Wh. 


SOLUTION The easiest way to numerically verify the bus 5 price is to in- 
crease the load at bus 5 by a small amount and compare the change in tota] 
system operating cost. With a load scalar of 1.80. the bus 5 MW load ts 
229.3 MW with a case hourly cost of $11,074. Increasing the bus 5 load by 
1.8 MW and resolving the LP OPF gives a new cost of $11,147, a change of 
about $40.5/M Wh (note that this increase in load also increases the bus 5 
price to over $42/M Wh). Because of the constraint, the price of power at bus 
5 is actually more than double the incremental cost of the most expensive 
generator! a 


SECTION 11.1 


The block-diagram representation of a closed-loop automatic regulating system, in 
which generator voltage control is accomplished by controlling the exciter voltage, is 
shown in Figure 11.10. Ta, Te, Ty are the time constants associated with the amplifier, 
exciter, and generator field circuit, respectively. (a) Find the open-loop transfer func- 
tion G(s). (b) Evaluate the minimum open-loop gain such that the steady-state error 
Aes does not exceed 1%. (c) Discuss the nature of the dynamic response of the system 
to a step change in the reference input voltage. 





Exciter Generator field 





The Automatic Voltage Regulator (AVR) system of a generator is represented by tbe 
simplified block diagram shown in Figure 11.11, in which the sensor is modeled by a 
simple first-order transfer function. The voltage is sensed through a voltage trans- 
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former and then rectified through a bridge rectifier. Parameters of the AVR system are 
given as follows. 


Time Constant 


Gain (seconds) 
Amplifier KA facti 
Exciter Ke = 1 tp = 0.4 
Generator Kg = 1 tg = 1.0 
Sensor KgR=l te= 005 


(a) Determine the open-loop transfer function of the block diagram and the closed- 
loop transfer function relating the generator terminal voltage V,(s) to the refer- 
ence voltage Vier(s). (b) For the range of Ka from 0 to 12.16, comment on the 
stability of the system. (c) For Ka = 10, evaluate the steady-state step response 
and steady-state error. 





Generator 





Exciter 







Sensor 






Let a rate feedback stabilizer be added to the AVR system of Problem 11.2. The block 
diagram of the compensated AVR system is shown in Figure 11.12. Let the stabilizer 
time constant be tp = 0.04 s and the derivative gain be Kr = 2. (a) Obtain the closed- 
loop transfer function V,(s)/Vrer(s). (b) Using MATLAB, evaluate the step response 
and find the steady-state step response. 





Exciter Generator 






Amplifier 








Stabilizer 
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The Proportional-Integral-Derivative (PID) controller may be used to improve the 
dynamic response as well as reduce or even eliminate the steady-state error for the 
AVR system of Problem 11.2. Let the transfer function of the PID controller be given 


. as follows Gc(s) = Kp + Kj/s + Kos. Draw the block diagram of the AVR compen- 


sated with the PID controller and comment on the functions of the derivative as well 
as the integral component of the controller. 


SECTION 11.2 


An area of an imlerconnected 60-Hz power system has three turbine-generator units 
rated 200, 300. and 500 MVA. The regulation constants of the units are 0.03, 0.04, 
and 0.06 per unit, respectively. based on their ratings. Each unit is initially operating 
at one-half its own rating when the load suddenly decreases by 100 MW. Determine 
(a) the unit area frequency response characteristic / on a 100-MVA base, (b) the 
steady-state increase in area frequency, and (c) the MW decrease in mechanical power 
output of each turbine. Assume that the reference power setting of each turbine- 
governor remains constant. Neglect losses and the dependence of load on frequency. 


Each unit in Problem 11.5 is mitially operating at one-half its own rating when the 
load suddenly increases by 75 MW. Determine (a) the steady-state decrease in area 
frequency, and (b) the MW increase in mechanical power output of each turbine. As- 
sume that the reference power setting of each turbme-generator remains constant. Ne- 
glect losses and the dependence of load on frequency. 


Each unit in Problem 11.5 is initially operating at one-half its own rating when the 


. frequency increases by 0.003 per unit. Determine the MW decrease of each unit. The 


reference power setüng of each turbine-governor 1s fixed. Neglect losses and the de- 
pendence of load on frequency. 


Repeat Problem 11.7 if the frequency decreases by 0.005 per unit. Determine the MW 
increase of each unit. 


Based on a generator rating of 100 MVA, a turbine-generator unit operating in a 60- 
Hz interconnected power system has a regulation constant R = 0.06 per unit. Follow- 
ing a system disturbance, the system adjusts to steady-state operation with a frequency 
decrease of 0.025 Hz. Find the increase in turbine output power for this turbine- 
generator unit. 


An interconnected 60-Hz power system consisting of one area has two turbine- 
generator units, rated 500 and 750 MVA, with regulation constants of 0.04 and 0.05 
per unit, respectively, based on their respective ratings. When each unit carries a 300- 
MVA steady-state load, let the area load suddenly increase by 250 MVA. (a) Com- 
pute the area frequency response characteristic 8 on a 1000-MVAÀ base. (b) Calculate 
Af in per-unit on a 60-Hz base and in Hz. 


A single area consists of two generating units rated (unit 1) 750 MVA with speed reg- 
ulation R; = 0.07 per unit on its MVA base and (unit 2) 500 MVA with R; = 0.04 
per unit on its MVA base. The units are operating in paralle) at 60 Hz with unit | 
supplying 600 MW and unit 2 supplying 300 MW. Let the load be increased by 90 
MW. (a) Assuming that there 1s no frequency-dependent component of the load, find 
the steady-state frequency deviation and the corresponding new generation of each 
unit. (b) Let the load vary linearly versus frequency with a 1.5% increase (decrease) 
in load for every 1% increase (decrease) in frequency. That is, APL = APic + DAF, 
where AP; is the total load change, APic = 90 MW is the component of the load 
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change that is independent of frequency, DAf is the frequency-dependent component 
of load change, and D — 1.5 with all quantities expressed in per unit. Calculate the 
steady-state frequency deviation and the corresponding new generation of each unit. 


SECTION 11.3 


A 60-Hz power system consists of two interconnected areas. Area | has 1200 MW of 
generation and an area frequency response characteristic fj, = 600 MW/Hz. Area’ 2 
has 1800 MW of generation and f = 800 MW/Hz. Each area is initially operating at 
one-half its total generation, at Apis; = Apu = 0 and at 60 Hz, when the load in area 
] suddenly increases by 400 MW. Determine the steady-state frequency error and the 
steady-state tie-line error Api. of each area. Assume that the reference power settings 
of all turbine-governors are fixed. That is, LFC is not employed In any area. Neglect 
losses and the dependence of load on frequency. 


Repeat Problem 1}.12 if LFC is employed in area 2 alone. The area 2 frequency bias 
coefficient is set at Br; = f; = 800 MW/Hz. Assume that LFC in area 1 is inoperative 
due to a computer failure. 


Repeat Problem 11.12 if LFC is employed in both areas. The frequency bias co- 
efficients are By) = f, = 600 MW/Hz and By; = fj, = 800 MW/Hz. 


Repeat Problem 11.13 if there is a third area, with 3000 MW of generation and 
f; = 1500 MW/Hz. The load in area 1 increases by 400 MW. LFC is employed in 
area 2 alone. All three areas are interconnected. 


Rework Problems 11.13 through 11.15 when the load in area 2 suddenly decreases by 
400 MW. The load in area 1 does not change. 


A 60-Hz interconnected power system has two areas denoted area | and area 2, 
where the area frequency response characteristics are given by f, = 400 MW/Hz and 
f4 = 300 MW/Hz. The total power generated in each of these areas is 1000 and 750 
MW, respectively. Each area is initially generating power in steady state with AP(.; = 
AP» = 0, when the load in area 1 suddenly increases by 60 MW. Compute the re- 
sulüng steady-state change m frequency Af as well as the steady-state changes in tie- 
line flows AP; and APye2 (a) without LFC, and (b) with LFC. Neglect all losses and 
the dependence of load on frequency. 


On a 1000-MVA common base, a two-area system interconnected by a tie line has the 
following parameters: 


Area | 2 

Area Frequency Response B, = 0.05 per unit f; = 0.0625 per unit ` 
Characteristic 

Frequency-Dependent D, = 0.6 per unit D; = 0.9 per unit 
Load Coefficient l 

Base Power 1000 MVA 1000 MVA 

Governor Time Constant Tp} — 0.25 s Ty. = 0.35 

Turbine Time Constant Ty — 0. Ss 1,2 =0.65 


The two areas are operating in parallel at the nominal frequency of 60 Hz. The 
areas are initially operating in.steady state with each area supplying 1000 MW when a 
sudden load change of 187.5 MW occurs in area 1. Compute the new steady-state fre- 
quency and ehange in tie-line power flow (a) without LFC, and (b) with LFC. 
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An area of an interconnected power system has two fossil-fuel units operating on eco- 
nomic dispatch. The variable operating costs of these units are given by 


4P,+0.02P; ford c P; <100 MW 


C, = $ 
SP for P; > 100 MW 
$ 
tul 
C; = 0.03P3 = 


where P, and P» are in megawatts. Determine the power output of each unit, the in- 
crementa] operating cost, and the total cost Cy that minimizes Cr as the load demand 
Pr varies from 200 to 700 MW. Generating-unit inequalities and transmission losses 
are neglected. 


Rework Problem 11.19 if the units are subject to the following inequality constraints: 
100 < P, < 500 MW 
50 <P; < 300 MW 

Rework Problem 11.19 if total transmission losses for the power system are given by 
Py 22x107P21x10"Pj MW 

Rework Problems 11.19 through 11.21 if the operating cost of unit 2 is changed to ` 
C; —0.05P? $/hr 

Compare the results with those of Problems [1.19 through 11.21. 


Expand the summations in (11.4.14) for N = 2, and verify the formula for êP, /ôP; 
given by (11.4.15). Assume Bj; = Bj. 


Given two generating units with their respective variable operating costs as: 
C, 20.01P?g; -2Pgi +100 $/hr — for25 € Pai < 150 MW 
C; —0.004P?s, -2.6Pg; +80 S/hr for 30 < Pg» < 200 MW 


Determine the economically optimum division of generation for 55 < Pj < 350 MW. 
In particular, for PL = 282 MW, compute Pg; and Poz. Neglect transmission losses. 


The-system of Problem 11.24 is represented by a single-line diagram shown in Figure 
11.13. For convemence this system is also modeled in PowerWorld case Problem 
11.25. A base case power-flow study on the system yields the following data in per- 
unit on a 100-MVA base: 


Z= 0.025 + j0.100 


Y/2 = j0.050 





(7 2.10 4 jO S, = 0.72 4 jO 


All values in per-unit 
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Vi = 1/0° per unit Pg; = 1.0313 per unit Pi, = 2.1000 per unit 
Va = 1/6.6)6° per unit Paa = 1.8200 per unit Pi» = 0.7200 per unit 


Transmission losses Pry = 0.0313 per unit. 


(a) Increasing the load at each bus by 10%, compute the A coefficients defined by: 


Aj = Gb, / OP; A Ad, /APGj kem eee b buses 


Ve xeu n generators 


(b) Determine the B coefficients defined by: 


: He ; " 
Bj =5 (0 Pr /üPgjüPoj) = 5 x Td 


b 
~ (m=) k=l 
By using the relations: 


OPT /Am0d_~ = 2VmVi gmk COS(Sm — Ox), m#k 


= —2 s ViVmEim C08(6; — ôm), m=k 
im 
in which conductances (g’s) can be obtained from the bus admittance matrix Y. 
(c) Solve for the economically optimum division of load with consideration of losses. 


Hint: The condition for economically optimum generation requires the weighted in- 
cremental cost functions for all units on economic dispatch to be equal, and the 
weighting factor or penalty factor of generator 1 1s given by 


Lis 
1 — (0Pt_/dPoa:) 

Resolve Example 11.6, except with the generation at bus 2 set to a fixed value (i.e., 
modeled as off of AGC). Plot the variation in the total hourly cost as the generation 
at bus 2 is varied between 1000 and 200 MW in 5-MW steps, resolving the economic 
dispatch at each step. What is the relationship between bus 2 generation at the mini- 
mum point on this plot and the value from economic dispatch in Example 11.6? 
Assume a Load Scalar of 1.0. 


Using PowerWorld case Example 11, 8, with the Load Scalar equal to 1.0, determine 
the generation dispatch that minimizes system losses (Hint: Manually vary the gener- 
ation at buses 2 and 4 until their loss sensitivity values are zero). Compare the operat- 
ing cost between this solution and the Example 11.8 economic dispatch result. Which 
is better? 


Repeat Problem 11.27, except with the Load Scalar equal to 1.3. 
SECTION IJ.5 


Using LP OPF with PowerWorld Simulator case Example 11. 9, plot the variation in 
the bus 5 marginal price as the Load Scalar is increased from 1.0 in steps of 0.02. 


What is the maximum possible load scalar without overloading any transmission line? 


Why is tt impossible to operate without violations above this value? 
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Load PowerWorld Simulator case Problem 11. 30. This case models a slightly modi- 
fied version of the 37 bus case from Example 6.13 with generator cost information, 
but also with two of the three lines between buses BLT69 and UIUC69 open. When 
the case is loaded the “Total Cost” field shows the economic dispatch solution, which 
results in an overload on the remaining line between buses BLT69 and UJUC69. Be- 
fore solving the case, select LP OPF, OFP Buses to view the bus LMPs, noting that 
they are all identical. Then Select LP OPF, Primal LP to solve the case using the OPF, 
and again view the bus LMPs. Verify the LMP at the UIUC69 bus by manually chang- 


- mg the load at the bus by one MW, and then noting the change in the Total Cost field. 


Repeat for the DEMAR69 bus. Note, because of solution convergence tolerances the 
manually calculated results may not exactly match the OFP calculated bus LMPs. 


QUESTIONS 


What is meant by generator black-start capability, why is it needed, and what types of 
generators are best at providing black-start capability? 


Why are overvoltages a concern during the restoration of the transmission system? 


Research a recent large power system outage, describing some of the unique aspects 
associated with the restoration of the power system. 


How has the ongoing deregulation of the electric utility industry affected planning of 
transmission systems? 


What are the differences between transmission planning in the United States and 
transmission planning in Australia? 


Has deregulation made power systems more reliable or less reliable? 
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Transient overvoltages caused by lightning strikes to transmission lines and 
by switching operations are of fundamental importance in selecting equip- 
ment insulation levels and surge-protection devices. We must, therefore, un- 
derstand the nature of transmission-line transients. 

During our study of the steady-state performance of transmission lines 
in Chapter 5, the line constants R, L, G, and C were recognized as distri- 
buted rather than lumped constants. When a line with distributed constants is 
subjected to a disturbance such as a lightning strike or a switching operaüon, 
voltage and current waves arise and travel along the line at a velocity near 
the speed of light. When these waves arrive at the line terminals, reflected 
voltage and current waves arise and travel back down the line, superimposed 
on the initial waves. 


CASE STUDY 
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Because of line losses, traveling waves are attenuated and essentially die 
out after a few reflections. Also, the series inductances of transformer wind- 
ings effectively block the disturbances, thereby preventing them from entering 
generator windings. However, due to the reinforcing action of several re- 
flected waves, it is possible for voltage to build up to a level that could cause 
transformer insulation or line insulation to arc over and suffer damage. 

Circuit breakers, which can operate within 50 ms, are too slow to pro- 
tect against lightning or switchmg surges. Lightning surges can rise to peak 
levels within a few microseconds and switching surges within a few hundred 
microseconds—fast enough to destroy insulation before a circuit breaker 
could open. However, protective devices are available. Called surge arresters., 
these can be used to protect equipment insulation against transient overvolt- 
ages. These devices limit voltage to a ceiling level and absorb the energy from 
lightning and switching surges. 

We begin this chapter with a discussion of traveling waves on single- 
phase lossless lines (Section 12.1). We present boundary conditions in Section 
12.2 and the Bewley lattice diagram for organizing reflections in Section 12.3. 
We dertve discrete-time models of single-phase lines and of lumped RLC 
elements in Section 12.4, and discuss the effects of line losses and multi- 
conductor lines in Sections 12.5 and 12.6. In Section 12.7 we discuss power 
system overvoltages including lightning surges, switching surges, and power- 
frequency overvoltages, followed by an introduction to insulation coordination 
in Section 12.8. 


Two case-study reports are presented here. The first describes metal oxide varistor 
(MOV) arresters used by electric utilities to protect power and substation equipment 
against transient overvoltages in power systems with rated voltages through 345 kV [22]. 
The second, in preparation for Chapter |3 (Transient Stability) describes a wide-area 
stability and voltage control system being designed and implemented by Bonneville Power 
Administration in the northwestern United States [23]. 


VariSTAR® Type AZE Surge Arresters 
for Systems through 345 kV ANSI/IEEE 
C62.11 Certified Station Class Arresters* 


GENERAL 


The VariSTAR AZE Surge Arrester offers the latest 
in metal oxide varistor (MOV) technology for the 
economical protection of power and substation 


equipment. This arrester is gapless and constructed 
of a single series column of MOV disks. The arrester 
is designed and tested to the requirements of ANSI/ | 
IEEE Standard C62.!f, and is available in ratings 
suitable for the transient overvoltage protection of 
electrical equipment on systems through 345 kV. 
Cooper Power Systems assures the design integ- 


(© 1997 Cooper Industries, Inc.) rity of the AZE arrester through a rigorous testing 


610 CHAPTER 12 TRANSMISSION LINES: TRANSIENT OPERATION 


TABLE 1] AZE Series S (AZES) Ratings and 
Characteristics 
Arrester Characteristic Rating 
System Application Voltages 3-345 kV 
Arrescer Voltage Ratings 3-360 kV 
Rated Discharge Energy, (kJ/kV of MCOV) 
Arrester Ratings: 3-108 kV 3.4 
| 20—240 kV 5.6 
258—360 kV 8.9 
System Frequency 50/60 Hz 
Impulse Classifying Current t0 kA 
High Current Withstand 100 kA 
Pressure Relief Rating, kA rms sym 
Metal-Top Designs 65 kA 
Cubicle-Mount Designs 40 kA 
Cantilever Strength (in-Ibs)* | 
Metal- T op Designs: 
3—240 kV ` 90,000 
258-360 kV 120,000 


*Maximum working load should not exceed 40% of this value. 
(August 1997. New Issue. © Cooper Industries, Inc.) 


program conducted at our Thomas A. Edison Tech- 
nical Center and at the factory in Olean, NY. The 
availability of complete "in-house" testing facilities 
assures that as continuous process improvements 
are made, they are professionally validated to high 
technical standards. 

Table |, shown above, contains information on 
some of the specific ratings and characteristics of 
AZE Series S (AZES) surge arresters. 


CONSTRUCTION 


External 

The Type AZE station class arrester is available in 
two design configurations—a metal-top design in 
ratings 3—360 kV and a cubicle-mount design in rat- 
ings 3—48 kV. Cubicle-mount designs are ideally 
suited for confined spaces where clearances: be- 
tween live parts are limited. 

The wet-process porcelain housing features an 
alternating shed design (ratings > 48 kV) that pro- 
vides excellent resistance to the effects of atmo- 
spheric housing contamination. AZE arresters are 
available with optional extra creepage porcelains for 
use in areas with extreme natural atmospheric and 
man-made pollution. 


The dielectric properties of the porcelain are 
coordinated with the electrical protective charac- 
teristics of the arrester. The unit end castings are 
of a corrosion-resistant aluminum alloy configured 
for interchangeable mounting with other manu- 
facturers' arresters for ease in upgrading to the 





Figure 1 
120 kV rated VariSTAR Type AZE surge arrester. 
(August 1997. New Issue. © Cooper Industries, Inc.) 


TABLE 2 Discharge Voltages—Maximum Guaranteed Protective Characteristics for AZES Surge Arresters 


Front-óf- 
Wave Lightning Impulse Discharge Voltages Switching Impulse 
Arrester Arrester Protective (8/20 psec, kV) Discharge Voltages (kV)** 
Rating MCOV . Level (kVy* l —— 
(kV, rms) (kV, rms) !0 kA I.5 kA 3kÀ 5kA I10kKA 20kA 4OKkA 500A 1000A 2000A 
3 2.55 9.7 7.4 7.8 8.| B.6 9.8 122 6.8 
6 5.10 19.2 14.8 15.5 6. 17.0 19.1 7232 13:5 
9 7.65 28.8 22.1 23.3 24.1 25.5 28.5 34.1 20.2 
[0 8.40 315 24.3 25.6 26.5 27:9 31.2 37.3 222 
[2 10.2 38.3 29.5 31.0 32:1 33.9 37.8 45.0 27.0 
IS 12.7 47.6 36.7 38.6 39.9 42.| 47,0 55.8 33.6 
I8 15.3 57.3 44.2 46.5 48.1 > 507 56.5 66.9 40.4 
21 17.0 63.6 49.[ 5(7 534 56.3 62.7 74.2 44.9 
24 19.5 73.0 56.3 59.3 61.3 64.6 71.9 84.9 51.5 
27 22.0 81.4 63.6 66.9 69, | 72.8 81.0 25.7 58.1 
30 244 21:2 70.5 74.1 76.6 80.7 89.8 106 64.4 
33 27.5 103 79.4 83.6 86.3 91.0 lol 119 72.6 
36 29.0 108 83.8 88. | 91.0 95.9 107 126 76.6 
39 31.5 118 91.0 957 989  |04 116 136 83.2 
42 34.0 [27 98.2 103 107 112 125 147 89.8 
45 36.5 136 105 EE 115 120 134 158 96.4 
48 39.0 | 46 113 [18 122 | 29 [43 169 103 
54 42.0 157 2f 128. 132 | 39 [54 181 Hl 
60 48.0 179 139 146 15| | 58 176 207 127 
66 53.0 198 153 él 66 175 195 229 140 
72 57.0 212 165 173 179 188 209 246 ISI 
78 62.0 232 | 79 188 194 205 228 267 164 
84 68.0 253 196 207 213 224 250 293 [80 
90 70.0 261 202 23 220 BI 257 302 185 
96 76.0 284 219 231 238 251 279 327 201 
108 B4.0 313 243 255 263 277 308 362 222 
120 98.0 337 267 277 283 298 326 379 241 250 
132 106 365 288 300 306 323 354 411 261 271 
138 HU 382 302 314 32] 338 370 430 273 284 
|44 115 396 3i3 325 332 350 383 446 283 294 
162 130 447 354 368 376 396 433 504 320 332 
168 131 45] 356 371 379 399 437 508 VA 335 
(72 [40 48 | 38] 396 405 426 467 542 345 358 
180 144 495 392 407 416 438 480 558 355 368 
192 152 523 414 430 439 463 506 589 374 388 
198 160 550 435 453 462 487 533 620 394 409 
204 165 567 449 467 477 502 550 639 406 421 
216 174 598 473 492 503 529 580 674 428 444 
228 182 626 495 S15 526 554 606 705 448 465 
240 190 653. 517 537 549 578 633 736 468 485 
258 209 684 547 568 580 605 666 77| 502 526 535 
264 212 693 555 576 588 613 675 782 $09 533 543 
276 220 720 575 598 6I1 637 701 811 528 §53 . 563 
288 230 75| 602 625 639 665 732 848 552 578 589 
294 235 767 615 639 652 679 748 866 564 59] 602 
300 239 78 | 625 650 663 69| 76| 88l 574 60! 612 
312 245 ` 801 630 655 669 709 780 903 578 606 617 
330 267 872 698 726 741 772 850 985 641 67] 683 
336 269 879 704 731 747 778 856 99] 645 676 689 
360 289 945 756 785 802 836 920 1064 693 727 740 


-——————————————————————————————————————————— 
* Based on a current impulse that results in a discharge voltage cresting in 0.5 ps. 
** 45-60 ys rise time current surge. : 

(August 1997, New Issue. © Cooper Industries, Inc.) 
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VariSTAR arrester technology. This three-footed 
mounting is provided on a 8.75 to 10 inch diameter 
pattern for customer supplied 0.5 inch diameter 
hardware. 

High cantilever strength assures mechanical in- 
tegrity (Table | lists the cantilever strength of metal- 
top AZES arresters). Cooper Power Systems rec- 
ommends that a load limit of 100 pounds not be 
exceeded on the line terminal of cubicle mount 
designs. Loads exceeding this limit could cause a 
shortening of arrester life. Housings are available in 
standard grey or optional brown glaze color. 

Standard line and ground terminal connectors 
accommodate up to a 0.75 inch diameter conduc- 
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tor. Insulating bases and discharge counters are 
optionally available for in-service monitoring of ar- 
rester discharge activity. 

The end fittings and porcelain housing of each 
arrester unit are sealed and tested by means of a 
sensitive helium mass spectrometer; this assures 
that the quality and insulation protection provided 
by the arrester is never compromised over its life- 
time by the entrance of moisture. A corrosion- 
resistant nameplate is provided and contains all 
information required by Standards. In addition, 
stacking arrangement information is provided for 
multi-unit arresters. Voltage grading rings are in- 
cluded for arresters rated 172 kV and above. 


stability controls. Then we describe online demon- 
stration of a new response-based (feedback) Wide- 
Area stability and voltage Control System (VVACS). 
The control system uses powerful discontinuous 
actions for power system stabilization. The control 
system comprises phasor measurements at many 
substations, fiber-optic communications, real-time 
deterministic computers, and transfer trip output 
signals to circuit breakers at many other substations 
and power plants. Finally, we describe future devel- 
opment of WACS. WACS is developed as a flexible 
platform to prevent. blackouts and facilitate electri- 
cal commerce. 


Keywords—Blackout prevention, emergency con- 
trol, phasor measurements, power system stability, 
unstable limit cycle, voltage stability, wide-area 
measurements and control. 


I. INTRODUCTION 


The Bonneville Power Administration (BPA), Port- 
land, OR; Ciber Inc., Beaverton, OR; and Wash- 


ington State University (WSU), Pullman, are de- 
signing and implementing a Wide-Area stability and 
voltage Control System termed WACS. WACS 
provides a flexible platform for rapid implemen- 
tation of generator tripping and reactive power 
compensation switching for transient stability and 
voltage support of a large power system. Features 
include synchronized positive sequence phasor 
measurements, digital fiber-optic communications 
from 500-kV substations, a real-time control com- 
puter programmed in the G language, and output 
communications for generator tripping and 500-kV 
capacitor/reactor bank switching. The WACS soft- 
ware runs two algorithms in parallel. 

As background, we describe widely used emer- 
gency controls termed Special Protection Systems 
(SPS). SPS is based on direct detection of predefined 
outages, with high-speed binary (transfer trip) sig- 
nals to control centers for logic decisions, and 
then to power plants and substations for genera- 
tor tripping and capacitor/reactor bank switching 
Disadvantages of SPS include control for only 
predefined events, complexity, and relatively high 
cost. 

In contrast with SPS, WACS employs strategi- 
cally placed sensors to react to the power system 
response to arbitrary disturbances. WACS provides 
single discontinuous stabilizing actions or true feed- 
back control. As true feedback control, the need 
‘for discontinuous action is determined and com- 
manded, the power system response is observed, 
and further discontinuous action such as generator 
tripping or capacitor bank switching is taken as 
necessary. The WACS platform may also be used 
for wide-area modulation control of generators 
and transmission-level power electronic devices 
and for control center operator alarms and mon- 
itoring. 

We describe WACS benefits and describe large- 
scale simulations showing the interarea stabilization 
of large disturbances by WACS. 

"^ A We also describe -WACS design (measurement, 
communications, control), and initial online imple- 
mentation. Online testing results include statistics of 
communications delay from global positioning sys- 
tem (GPS) time-tagged substation measurements to 
GPS-timed receipt by the control computer. 
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response deiection 


Figure | 


Local and wide-area, continuous and discontinuous 
power system stability controls. Adapted from drawings 
by Dr. J. F. Hauer. 


I. POWER SYSTEM STABILITY CONTROLS 


Power system stability controls are described in 
several books and reports [1]-[5]. Reference [6] is 
an early, but still valuable, paper describing discon- 
tinuous controls. | 

Fig. | shows a block diagram of the power sys- 
tem stability control environment. Power system 
stability encompasses electromechanical (rotor an- 
gle) stability among groups of synchronous gen- 
erators, and voltage stability involving load response 
to disturbances [7]. RMS-type sensors are generally 
used—electromechanical oscillations and slow volt- 
age variations amplitude-modulate the 50- or 60-Hz 
power frequency waveforms. Electromagnetic tran- 
sients are not of primary interest except for sensor 
filtering consideratíons. 

Most stability controls are continuous feedback 
controls at power plants: automatic voltage regula- 
tor and power system stabilizer for generator exci- 
tation control, and prime mover control (speed 
governor). Controls are largely the single-input— 
single-output type, designed via classical feedback 
control methods [I]. Additional local continuous 
stability controls are at transmission-level power 
electronic devices such as static var compensa- 
tors. There are also: local discontinuous controls 
for reactive power compensation (capacitor/reactor 
banks) switching and load shedding. 

Installed wide-area stability controls are mainly 
based on direct detection of selected outages. These 
emergency controls are termed SPS or remedial 
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action schemes. We describe these controls in Sec- 
tion IV. 

Advanced wide-area stability controls measure 
power system response to disturbances. There are 
very few implementations at present. We describe 
present-day projects in Sections V and VI. 

Discontinuous controls supplement the basic 
continuous controls by relieving stress for very large 
disturbances, providing a region of attraction and 
a secure postdisturbance operating or equilibrium 
point. Continuous controls then operate effectively 
over a smaller nonlinear range. 

Wide-area controls—feedforward and feedback, 
continuous and discontinuous—obviously have po- 
tential for improved observability and controllability. 


lll. WESTERN NORTH AMERICAN POWER 
SYSTEM 


Fig. 8 in Section Vi shows the western North Amer- 
ican interconnected power system. Connections to 
the eastern North American synchronous inter- 
connection are by small back-to-back HWdc con- 
verter stations. 

Long-distance interarea transmission lines char- 
acterize the western interconnection, Major lines 
are 500-, 345-, and 230-kV. There are two +500-kV 
dc links; the 3100-MW 1360-km Pacific HVdc in- 
tertie from the Columbia River to Los Angeles 
and the 1920-MW 787-km Intermountain Power 
Project link from Utah to southern California. Hy- 
dro power predominates in the Pacific Northwest 
(PNW — British Columbia, Washington State, and 
Oregon). Large coal-based power plants predomi- 
nate in the eastern and southern portions of the 
interconnection. Most generation in California is 
natural gas or oil based. 

In spring and summer, with good hydro genera- 
tion conditions, the dominant interarea power flows 
are from the PNW to California and also from coal- 
based generation in the eastern areas (Wyoming, 
Utah, Arizona, and Nevada) to California. The 
northern California portion of the Pacific ac intertie 
comprises three series capacitor compensated 500- 
kV lines with nonsimultaneous rating of 4800 MW 
for the three Oregon to California lines. 


Large-scale power flow and transient stability 
simulations of potential disturbances are necessary 
to determine transfer limits for many defined trans- 
mission paths. Power flow (steady-state) simulations 
model over 10,000 buses (nodes representing gen- 
eration and load injection stations, and transformer 
substations), requiring solving over 20,000 nonlinear 
algebraic equations. Transient stability simulation 
adds thousands of nonlinear differential equations. In 
defining simultaneous power transfer limits, major 
sensitivities are shown on nomograms. Portions of 
nomogram boundaries are limited by either first 
swing transient stability, transient damping of oscil- 
lations, or postdisturbance voltage support crite- 
ríon. 

Controls described in this paper are oriented 
toward high-power transfers from the PNW and 
British Columbia to California, but are adaptable to 
other applications. 


IV. FEEDFORWARD WIDE-AREA STABILITY 
CONTROLS 


The widely used SPS provide control for potential 
single and multiple-related outages identified in the 
power system planning process, Compared to the 
financial and permitting difficulties of transmission 
line construction, SPS are low cost and easy to in- 
stall. A large increase in power transfer capability is 
realized. 

As generation and load increase without corre- 


sponding increase in transmission lines, SPS controls 


proliferate [8]. At BPA, there are many schemes for 
a myriad of operating and disturbance conditions. 


_ Tens of millions of dollars have been invested over 


many years. Additional schemes were added fol- 
lowing the cascading power failures in summer 1996. 
[9], [10]. 

Control actions are mainly for detection of 
transmission outages, but also for some generation 
outages. The most complex scheme involves the 
Pacific ac intertie where high-speed outage detec- 
tion of around fifty 500-kV lines is installed (detec- 
tion at both line ends). Fault tolerant programmable 
logic controllers are at BPA’s two control centers: 
one near Portland and the other in Spokane, WA. 


The most important contro] action is tripping of 
PNW hydroelectric generators. There are few diffi- 
culties with tripping hydro generators and they can 
be rapidly returned to service.. The generators are 
at the sending end of the PNW to California power 
transfer path, with the generator tripping braking 
remaining Northwest generators that are accelerat- 
ing relative to southwest generators. For outages of 
either the Pacific ac or HVdc intertie, up to 2700 

MW of generation may be tripped. 

Other control actions are energizing 500-kV se- 
ries and shunt capacitor banks, and disconnecting 
shunt reactors. BPA 500-kV shunt capacitor banks 
are in the 200—380 MVAr range. 

Control actions take place as fast as 150 ms after 
the outage. The delay time includes detection time, 
communications to central logic, logic computer 
processing time, communications to power plants 
and substations, and power circuit breaker operat- 
ing time. Communication of SPS activation signals 
use the same high-speed "transfer trip" used for 
isolation of transmission line short circuits, Ac BPA 
these are primarily frequency shift key audio tones 
over analog microwave, Newer systems use digital 
messages over digital microwave or fiber optics 
(SONET). 

. The consequences of SPS failure can be large- 
scale blackouts. Controls are clearly not as robust 
as additional transmission lines and must be highly 
reliable by design. High redundancy in detection, 
communication, and logic computers is required. 

The complexity of the SPS is ever increasing. BPA 
has a full-time operator devoted to prearming (en- 
abling) and monitoring the many schemes. 

Besides complexity, a shortcoming of preplanned 
event driven control is that other disturbances may 
occur that have not been considered in planning. 
These may originate in other parts of the inter- 
connected power system. 


V. FEEDBACK WIDE-AREA STABILITY 
CONTROLS 


Feedback controls measure power system variables 
and can respond to arbitrary disturbances. Control 
can be continuous or discontinuous. 
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Stability contro] using remote signals are not new 
and are a simplified form of wide-area control. In 
(976, BPA implemented modulation of the Pacific 
HVdc intertie using active power and later current 
magnitude signals from a remote substation on the 
parallel Pacific ac intertie [[ [], [12]. The continuous 
control damped electromechanical oscillations be- 
tween groups of PNW generators and groups of 
Pacific Southwest generators; the oscillation period 
was around 3 s. Analog microwave communications 
and analog controls were used. The modulation was 
single input-four outputs, the outputs being active 
and reactive power at the northern HVdc terminal 
(rectifier operation) in Oregon and active and 
reactive power at the southern terminal (inverter 
operation) near Los Angeles. Modulation was dis- 
continued after a major expansion of the HVdc in- 
tertie from two terminals to four terminals in 1989. 


A... Phasor measurements 

Although various types of rms sensors may be used, 
digital positive sequence, GPS-synchronized phasor 
measurements [4], [5], [13], [!4] are most often 
considered for wide-area control. "Positive se- 


quence” refers to transformation of an unbalanced - 


set of three-phase voltages or currents into a set 
of positive, negative, and zero sequence "symmet- 
rical components," where positive sequence is a 
set of chree-phase voltages or currents with equal 
magnitudes, |20° phase difference, and normal 
phase rotation [5, Ch. 8]. In normal operation 
without short circuits or individual phase outages, 
the phase voltages and currents are nearly equal to 
the positive sequence voltages and currents. 
Several manufacturers offer phasor measurement 
sensors. Typically, channels for multiple three-phase 
voltage and current measurements are provided. 
The positive sequence voltage and current phasors 
are computed and GPS time tagged once every two 
cycles, or in newer equipment, once every cycle of 
the power frequency (30- or 60-Hz data rate for 60- 
Hz power frequency). Power system frequency de- 
viation from nominal is also computed, with GPS 
providing a precise time and frequency reference. 
There are tradeoffs between response speed and 
filtering. The phasor measurements are grouped, 


616 CHAPTER I2 TRANSMISSION LINES: TRANSIENT OPERATION 


Phasor bata 
Concentrator 


(PDC) 


Control 
applications 


POCS 


Figure 2 
Control center PDC. 


and data packets are transmitted to a central site 
where packets from several measurement locations 
(substations) are organized by time stamp [15], [16]. 
Outputs from a “phasor data concentrator” (PDC) 
are networked to monitoring and control applica- 
tions (Fig. 2). : 

From the voltage and current phasors, applica- 
tions may compute active and reactive power. 

In coming years, phasor measurements will be- 
come more common as part of IT advances such as 
substation automation. The phasor measurements 
can be made available at small cost as part of other 
substation measurements, for example, protective 
relaying [17]. | 

Networked phasor measurements are a key part 
of a BPA/U.S. Department of Energy/Electric Power 
Research Institute (EPRI)/Western Area Power Ad- 
ministration program for wide-area measurement 
systems (WAMS) [5, Ch. 11.8], [18]. WAMS is 
valuable for power system identification, power 
system monitoring, control center state estimation, 
and power system dynamic performance analysis 
following disturbances—including large blackouts. 


B. Continuous wide-area controls 

Continuous wide-area controls offer observability 
and controllability benefits where conventional lo- 
cal continuous controls have shortcomings. Possi- 
bilities include “wide-area power system stabilizers" 
[19] and controls for powerful transmission-level 
power electronic devices such as HVdc, thyristor- 
controlled series capacitors, and static var compen- 
. Sators. 





Wide-area controls are especially attractive for 
unusual system structures. Remote signals may aug- 
ment control using local measurements. 

Because of increased control leverage and con- 
tinuous exposure to adverse interactions, caution 
compared to local control is required. Communica- 
tions latency is one concern. Dynamics mimicking 
electromechanical oscillations are another [20], 
[21]. These may include sensor processing artifacts 
such as aliasing of network resonances or harmon- 
ics, or generator shaft torsional dynamics. Hydro 
plant water column oscillations may appear to be 
electromechanical oscillations. Extra monitoring and 
supervision of control is desirable. ' 


C. Discontinuous wide-area controls 
Compared to continuous control, discontinuous 
control lends to be safer—action is only taken when 
necessary. Discontinuous control has similarities 
with biological systems where stimuli must be above 
an activation threshold. 

Similar to feedforward controls (SPS), feedback 
discontinuous controls initiate a large stabilizing 
action that improves first swing transient stability, 
reduces stress to improve oscillation damping, and 
provides a larger region of attraction for a more 
secure postdisturbance operating point 

We next describe a specific wide-area discontin- 
uous feedback control (WACS) in development and 
demonstration. 


VI. WACS 


A. Overview 

Fig. 3 shows a pictorial block diagram of WACS. 
Selected existing phasor measurements are used for 
inputs, and existing SPS transfer trip circuits are 
available for outputs. The new development is the 
real-time controller. 

Based partly on the I0 August 1996 cascading 
failure [10], the original BPA concept was to 
combine voltage magnitude measurements with 
generator reactive power measurements using fuzzy 
logic. The premise is that generator reactive power 
measurements .can be a more sensitive indicator 
of insecurity than voltage magnitude—voltages can 
be near normal but generator reactive power out- 
puts near limits indicate insecurity. R&D at WSU 
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Figure 3 
WACS block diagram. 


showed, however, that a voltage magnitude based 
control is faster and simpler for transient stability 
[22]. Both methods are now used. Recent field ex- 
perience has actually shown that the two methods, 
Vmag and VmagQ algorithms, have similar speed. 
This is partly due to recent replacement of slow 
rotating generator field winding excitation equip- 
ment with modern thyristor exciters at two large 
power plants. 

References [23]-[25] describe recent WACS 
research and development. 

Twelve voltage magnitude measurements from 
seven 500-kV stations are used. Two stations are 
near the Oregon-California border (Malin and 
Captain Jack), one is in central Oregon (Summer 
Lake), and three are near the Columbia River in 
northern Oregon or southern VWVashington (John 
Day, Slatt, Ashe, and McNary). Fifteen generator 
reactive power measurements at five power plant 
switching stations near the Columbia River are used 
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(Big Eddy, John Day, Slatt, Ashe, and McNary). The 
hydro power plants feeding into Big Eddy, John Day, 
and McNary comprise 18, 16, and |2 generators, 
respectively; two to four generators are connected 
to a transmission line from the power plant to the 
switching station where phasor measurements are 
made. 

We designed, WACS so that loss of mea- 
surements from a single location or even multiple 
locations will only slightly degrade control. Mea- 
surements at widely spaced locations (hundreds 
of kilometers) provide spatial averaging or filtering 
against the aliasing effects discussed above. Spatial 
filtering along with discontinuous control! action 
biases the phasor measurement requirements to- 
ward fast response rather than secure filtering. 


B. Allowable time for control actions 
For first swing transient stability, control action 
must be taken prior to the peak of the forward in- 
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terarea angle swing—the sooner the better. For 
a simple second-order undamped dynamic system 
with natural frequency of 1/3 Hz (3-s period), the 
step response peak is at [.5 s. The impulse response 
peak is at 0.75 s. Most disturbances are closer to a 
step response than an imputse (the rare three-phase 
short circuit approaches an impulse, but opening the 
faulted line provides a step response effect). Nowa- 
days the frequency of the Pacific intertie mode is 
around 0.25 Hz (4-s period), allowing more time 
for control action. The oscillation frequency is even 
lower for high-stress operation. 

For transient stability, control action should Be 
completed within around | s— especially for the less 
powerful capacitor/reactor bank switching. 


The delay time for phasor measurement, fiber- . 


optic communications, PDC throughput including 
wait time for slowly arriving packets, transfer trip. 
and circuit breaker tripping (of generators or shunt 
reactors) or closing (shunt capacitor bank insertion) 
are approximately 3, 2, 2, |, and 2—5 60-Hz cycles 
respectively, or around 1O cycles for tripping and 
13 cycles for closing (167 and 217 ms). Time for 
several control execution loops, intentional time 
delay, and throughput delay will be 67 ms or longer. 
Thus, it appears that control action can be taken 
within 0.3 s after sufficient power system elec- 
tromechanical response to the disturbance. For 
capacitor/reactor bank switching, the local super- 
vising voltage measurement sensors will be re- 
sponding during the same time as the WACS 
measurements and processing. 

The more sensitive VmagQ algorithm may oper- 
ate following longer time frame dynamics. In fact, 
need for the existing SPS action is determined by 
. power flow simulation of a point in time several 
minutes after the disturbance. The SPS helps en- 
sure postdisturbance voltage support for angle sta- 
bility following generator overexcitation limiting, tap 
changing, and other slower actions. Many seconds 
are available for taking sequential feedback actions 
as necessary. 

The conditions existing in northeastern Ohio 
preceding the [4 August 2003 blackout were ex- 
actly what the VmagQ algorithm caters to. Voltage 
magnitudes were mildly depressed, but Cleveland- 


area generators were at or near their reactive 
power limits [26]. Automatic load shedding by con- 
trol similar to WACS could have prevented the 
blackout. 


C. Phasor measurement communications and 
PDC 

BPA legacy communications is analog microwave. 
Transmission of phasor measurement packets using 
modems has high latency (60—100 ms) and relatively 
high dropout rates. Thus, BPA-owned fiber-optic 
communications (SONET) are used for WACS. 
BPA has an extensive fiber-optic network, with links 
and terminal equipment still being added. 

Fig. 4 shows tests of fiber-optic latency of less 
than 26 ms for a link from the Slatt switching station 
to a BPA control center. The link uses direct digital 
transfer into SONET, 


D. Real-time hardware and software 

We selected National Instruments’ LabVIEW Real- 
Time (RT) hardware and software [27]. The soft- 
ware is a true dataflow language that prevents race 
conditions and allows for parallel tasking (multi- 
tasking and multithreading are supported). It has 
many needed programming features and library 
components, including data acquisition/processing/ 
output, TCP/UDP, signal processing, filtering, mach 
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Figure 4 
Fiber-optic communications latency over | min, Slact 
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Figure 5 
WACS real-time hardware. 


operations, execution logic and state machine, exe- 
cution tracing and timing, display graphics, and fuzzy 
logic tools with graphical editors. The graphical code 
is largely self-documenting. Modular architecture 
aids the testing and certification of critical modules 
by designing virtual simulated "real-world" con- 
ditions around them. 

Controller development is done on a PC, and 
code is then downloaded to real-time deterministic 
hardware and software [27]. Fig. 5 shows the rack- 
mounted WACS hardware. A full-featured host PC 
that connects via Ethernet to the WACS RT engine 
is available to monitor, test, develop, and upload 
software and to run model studies for tuning. This 
is important, as the RT processor (engine) itself is 
always operated "headless" (no monitor, keyboard, 
or mouse). We do use a small text display status 
monitor and a sequence of events recorder. 

WACS parameters are managed using an ini file. 
This allows easy changes to the application for tun- 
ing the algorithms, defining station names, scale fac- 
tors, etc. This is important in avoiding the pitfalls of 
"hardwiring." 


I) Control Execution Rate: The rate at present is 
30 control executions per second (33.3-ms 
intervals); which is the same rate as the 
phasor measurement packets. The time for a 
control execution cycle is around 8 ms, al- 
lowing addition of other features and moving 
to a future 60 packets per second data rate. 
For security against inadvertent actions dur- 
ing faults, measurement noise, and other dis- 
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turbances, output must be above a threshold 
for two or more control executions. 

2) Input Processing: Tasks include reading and 
decoding the data from the UDP Ethernet 
connection to the PDC and data sanity checks 
for transmission errors, nonvalid data, missing 
packets, and extra long latency. Close coor- 
dination with PDC data processing is re- 
quired, and a customized message of only 
the needed measurements is transmitted to 
WACS. For missing or corrupt data, there are 
two options: one is to block the data and not 
use it in the algorithm, and the second is to 
pad the data with the last valid packet for a 
few control executions. The former is used 
currently. Both fatal and nonfatal errors are 
managed and reports issued. Also, the data is 
weighted and limit tested before being passed 
to the algorithm subroutines. The VVACS 
software can also run in a library mode using 
simulation data or archived data from the 
PDC as inputs to the algorithms. This vali- 
dates performance, facilitating certification. 

3) Output Processing: Following the algorithm 
computations, a pattern consisting of.up to 
32 isolated outputs is sent to a relay control 
stage, where several masking operations are 
done before passing to the transfer trip com- 
munications. Any fatal or nonfatal error will 
mask outputs, with a user-defined mask avail- 
able to disable one or more outputs either 
temporarily or long term or to disable the 
results of either or both the fast or slow al- 
gorithms. 


E. The Ymag algorithm 

The voltage magnitude based Vmag algorithm pro- 
vides first swing transient stability stabilization and 
relieves stress to improve transient damping. For 
growing oscillations, it will operate at some point 
for stabilization. 

The algorithm is fairly simple, based on 12 volt- 
age magnitude measurements at seven 500-kV sta- 
tions. À weighted average voltage is computed from 
the [2 measurements, with highest weight for 
measurements close to the Oregon- California bor- 
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der where the voltage swings are usually greatest 
(Malin, Captain Jack, Summer Lake). A nonlinear 
accumulator (integrator) computes volt-seconds 
below a threshold setting that is currently 525 kV 
for capacitor/reactor bank switching and 520 kV for 
generator tripping (normal voltage is around 540 
kV). Accumulation is blocked for voltage recovery. 
Control action results when the volt-second accu- 
mulation reaches a setpoint; also, the weighted volt- 
age must be below 490 kV for generator tripping. 
The algorithm thus has semblance to proportional— 
integral (Pl) control. Beneficially, faster operation 
results for more severe disturbances. 


I) Critica! Disturbance: A critical disturbance is 
near simultaneous outage of two nuclear gen- 
erating units at a nuclear power plant in Ari- 
zona or California. Such events have occurred 
several times, and Western Electricity Coor- 
dinating Council (WECC) rules specify that 
cascading failure not result from these out- 
ages. Multigenerator outages at large coal- 
based power plants have also occurred. 

The largest disturbance is outage of two 
nuclear generators at the Palo Verde nuclear 
plant near Phoenix, AZ. The combined power 
loss is around 2700 MW. The lost power is 
made up by inertia power from rotors of all 
other generators, and by response to decay- 
ing frequency by the speed governors of 
other generators. About half of the response 
comes from hydro generators in the northern 
half of the interconnected power system, re- 
sulting in a large increase in the Pacific ac 
intertie north to south loading. Instability 
(loss of synchronism between northern and 
southern generators) results if the initial in- 
tertie loading is high. There is no SPS for this 
outage. 

2) Simulation of Two Palo Verde Generator Outages 
Without and With WACS: The Appendix de- 
scribes simülation methodology. Fig. 6 shows 
500-kV voltage responses for the two Palo 
Verde generator outages with existing con- 
trols. The initial Pacific ac intertie loading 
is 4700 MW. The largest voltage swing is at 
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Figure 6 
BPA 500-kV voltages for outage of two Palo Verde 


generators with existing controls, with Pacific ac intertie 
loading of 4700 MW. 


the Malin station near the Oregon- Californía 

border, and the performance is considered 
marginally acceptable. 

Fig. 7 shows similar response with WACS 

at an initial intertie loading of 5000 MW—a 

. 300-MW ' gain. The main WACS action is 

916 MW of generator tripping at two hydro 

power plants in British Columbia 1.4 s after 
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Figure 7 | 

BPA 500-kV voltages for outage of two Palo Verde 
generators with WACS and with Pacific ac intertie 
loading of 5000 MW. 
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Figure 8 

Western North American interconnected power system 
showing disturbance location, and WACS input 
measurement locations and output action locations. 


the outage. WACS also inserted two 500-kV 
shunt capacitor banks |.2 s after the outage. 
The transfer trip circuits from the BPA con- 
trol center to the British Columbia power 
plants and capacitor bank locations exist as 
part of BPA’s SPS. The higher oscillation fre- 
quency of Fig. 7 tends to indicate improved 
stability. ; 

Fig. 8 shows the wide-area nature: an out- 
age in Arizona, measurements in Oregon and 
southern Washington, and control actions in 
British Columbia. 

3) Partial Failure of Measurements: Using the 
5000-MW intertie loading with VVACS case 
as reference, we simulate failure of the most 
important phasor measurement device. The 
failure is two voltage measurements at Cap- 
tain Jack near Malin on the Oregon- California 
border. Simulation results are nearly identical 
to the reference case, so are not shown. 

4) Partial Failure of Generator Tripping: Fig. 9 
compares the reference case to simulation of 


CASE STUDY 621 






: Malin 500-kV voltage e 
i Base case, ' i : ; 
/* : / a c AK 
Poe aa | rx 








l a 
T mU. arid 
= n m ri 
ji i With parties ^ 
: failure | » : Lon 425 
^y 
oF : iub 
L rel; n 23 t umm 4003 i 


pe 


5. 94^ Thee, AT. 


70. ooa | 


Figure 9 
Malin voltage for outage of two Palo Verde generators 
with partial failure of WACS generator tripping. 


failure of generator cripping at one of the 
two British Columbia power plants. Stability is 
maintained, but performance is notably de- 
graded. The oscillation frequency decreases. 
Other sensitivity cases lead to improved 
tuning of the algorithm. We simulate other 
outages to verify expected performance. 


F. The VmagQ algorithm 

The VmagQ algorithm combines voltage magnitude 
measurements and generator reactive power mea- 
surements using fuzzy logic. Similar to the Vmag 
algorithm, we compute a weighted average 500-kV 
voltage magnitude from 12 phasor measurements at 
seven locations. More complicated is computation 
of weighted average reactive power from 15 trans- 
mission lines emanating from six large power plants. 
We compute active and reactive powers for these 
lines from the voltage and current phasors. 

First, we estimate the number of connected 
generators—-up to four generators per line may be 
connected on lines from hydro plants. While this 
information may be available at a slower data rate 
within a: control center, we avoid interface and de- 
pendence on other data networks. The number of 
generators is estimated based on the normal loading 
range of individual generators. An error with esti- 
mation on one of the many lines ís not serious. 
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Figure 10 
Active/reactive power capability curve for a nuclear plant 
generator. 


A normalization procedure follows, based on 
generator active/reactive power capability curves. 
VVe map the capability curves from the generator 
terminals to the transmission side where the phasor 
measurement sensors are located, accounting for 
station service load, and generator step-up trans- 
former impedance and tap ratio. Fig. 10 shows this 
one-time mapping for a large nuclear plant genera- 
tor. 

Normalization results in reactive power output 
on a scale of approximately +| (generator controls 
allow large temporary and small steady-state opera- 
tion outside limits). The transmission-side reactive 
power limits corresponding to the active power are 
noted: Q4, and Qu. We compute the normalized 
value from transmission side values as follows: 


Ona = (ras T m) 
Qzero = Qinin + Qhaif 
_ (Q = Qzero) 
Qnorm = Can 


. For example, for Fig. 10 with transmission side 
P = 1000 MW and Q = 100 MVAr, Qnorm = 0.77. 

A weighted average of the normalized reactive 

powers is now computed. The individual weights are 
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Figure 11 

Weighted average voltage fuzzy set input. Linguistic 
variables are VLOv (very low voltage), LOv (low voltage), 
OKv (OK voltage), Hlv (high voltage), and VHlv (very 
high voltage). 


the product of the generator or generator group 
MVA rating and a factor. The factor is based on 
location and voltage support sensitivity. We have 
higher value to generators providing more sensitive 
control of transmission voltage by automatic voltage 
regulator line drop compensation [28] or by auto- 
matic high side voltage control. 

We next combine the weighted average voltage 
magnitude and the weighted average generator re- 
active power are using basic fuzzy logic. To date, 
linguistic variable tuning is based on rules of thumb 
such as overlap cross points at 0,5. Figs. |1—13 
show the input and output fuzzy sets. Fig. 14 shows 
the rule editor, and Fig. [5 shows the output con- 
trol surface as a function of weighted average | 
voltage for a weighted average generator reactive 
power input value of zero. The crisp output range is 
approximately +], but elimination of unrealistic rule 


combinations result in a practical 0—1 range. 


A crisp output value above a threshold enters an 
accumulator. VVith accumulator setpoint reached, 
capacitor/reactor bank switching or generator trip- 
ping is commanded. Capacitor/reactor bank switch- 
ing occurs first, with generator tripping only in 
more severe situations where capacitor/reactor 
bank switching is not available or not sufficient. 
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Figure 12 

Weighted average generator reactive power fuzzy set 
input. Linguistic variables are INLq (negative large reactive 
power), NMq (negative medium), Okq, PMq (positive 
medium), and PLq (positive large). 
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Figure 13 

Output (consequence) fuzzy set. Linguistic variables are 
NLo (negative large output), INMo (negative medium 
output), NSo (negative small output), ZEo (zero output), 
PSo (positive small output), etc. 


The main tuning is of the input measurement 
weights and the thresholds for output action— 
rather than the fuzzy sets. 

As a power flow program steady-state simula- 
tion example, we simulated a simultaneous transfer 
nomogram limit point. Table | shows the fuzzy logic 
inputs and crisp outputs for a predisturbance case, 
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Figure [4 

Rule base. Output default value of zero if no rule is 
active. Center of gravity defuzzification method is 
selected. The max—min inference method is used, which is 
explained in che Fig. 15 caption for rule 8. 


Figure 15 

Fuzzy controller voltage versus output characteristic for 
reactive power input of zero. At the cursor point, the 
voltage input is 512 kV, the output is 0.30, and rules 8 
and [3 are active. As shown, Rule 8 fires with value of 
0.94, which is mn of cile LOv and Okq linguistic variable 
values for 512-kV voltage and zero reactive power inputs 
(Figs. || and 12). For the output variable PSo, the area 
below 0.94 contributes to the center of gravity output 
(Fig. 13). If another rule activates output varíable PSo, the 
max value of the two rules is used in the center of gravity 
computation. 
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TABLE | Power Flow Simulation Results, 4800 MW 
Intertie Power 


VMalin QjonaD Vavg FL Qavg FL FL 
kY MVAr input input output 
Pre outage 541.0 —158 540.7 0.273 0.10 
2 Palo Verde 528.5 I14 5292 0.883 0.48 
outage 
2 Palo Verde 530.5 89 5337 0.826 0.45 
wIWACS! 
2 Palo Verde 534.5 25 534.5 0.685 0.38 
wiWACS? 


! 500-kV shunt capacitor/reactor bank switching at the 3 
available locatíons. 
? Capacitor/reactor bank switching plus 500 MW generator 


tripping. 


the double Palo Verde outage case with existing 
controls, the outage case with WACS-initiated 
500-kV capacitor/reactor bank switching at three 
locations, and the outage case with the capacitor/ 
reactor bank switching and 500 MW of generator 
tripping. Also shown are key individual inputs to the 
fuzzy logic: voltage magnitude at Malin and reactive 
power from John Day power plant line | (John Day 
reactive power has the high weighting because of 
location and excellent voltage contro! performance). 

The crisp fuzzy logic output, perhaps rescaled to 
0—100, could also be used for a thermometer-type 
voltage security index for contro! center operators. 


G. Tuning, testing, and monitoring 

Since large disturbances are rare, algorithm verifi- 
cation and tuning is normally via offtine large-scale 
simulation (Appendix |), The real-time controller is 
tested by inputting simulation results, and also by 
inputting archived phasor measurements from actual 
events. 


H. WACS response for a large real event 

At 07:40:56 on Monday 14 June 2004, a short circuit 
occurred near the Palo Verde Nuclear Plant west of 
Phoenix. The fault was not completely cleared for 
almost 39 s! Approximately 4589 MW of generation 
tripped, at and near Palo Verde in the southern part 
of the western North American interconnection. All 
three Palo Verde units tripped. 


Pacific intertie stability was threatened, but main- 
tained. With one line between Cregon and Califor- 
nia out of service, the intertie limit prior to the 
event was 3200 MW, North to south intertie flow 
swung from the initial 2750 MW to 5500 MW and 
settled at 4500 MW several minutes later. Malin and 
Captain Jack voltages near the Oregon- California 
border swung from the initial 548 kV to 443 kV at 
07:41:21.6. Operators and an existing "response- 
based" scheme switched BPA series capacitors and 
shunt capacitor/reactor banks during the swings and 
the subsequent intertie power increase. The power 
increase is from governor action at PNW hydro 
plants, which carry large amounts of spinning re- 
serve. 

On 14 June, WACS was in a monitor mode at a 
laboratory installation 5 km from the control center 
and PDC. Adjusting for communications and PDC 
features that were not yet in service, WACS oper- 
ated correctly on the forward angle swing, before 
voltage swing minimum, as recorded by a sequence 
of events recorder [25]. 

To further validate the WACS algorithms, we 
played archived data from the 14 June event into the 
WACS code on an offline personal computer. One 
parameter was retuned to increase operating speed. 

Fig. 16 shows voltages that are WACS inputs and 
includes the weighted average voltage computed by 
WACS (same weights used for both algorithms). 
For the Vmag algorithm, the accumulator thresholds 
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Figure 16 
Northwest voltages for first three swings. 


for capacitor/reactor bank switching are 525 kV 
and the thresholds for generator tripping are 520 
kV. Accumulator setting for capacitor/reactor bank 
switching is 2 kV-s and accumulator setting for gen- 
erator tripping is 4 kV-s. For generator tripping, the 
weighted average voltage must also be below 490 
kV. 

For first swing stabilization, discontinuous con- 
trol action should occur before the voltage mini- 
mum at around 81.6 s after 07:40. This time is 
estimated for the real signal without measurement 


delay (PMU timetags are at the last sample of the 


phasor computation window; the PMU uses a four- 
cycle moving average filter with phasors calculated 
over one cycle). 

Using the archived data as input to the real- 
time code, the WACS Vmag algorithm output for 
capacitor/reactor bank switching occurs at 81.033 s 
after 07:40. Adding 170 ms for communications, 
PDC, and circuit breaker delay, switching would be 
at 81.203 s, or around 0.4 s before the real signal 
voltage minimum. 

WACS Vmag algorithm output for generator 
tripping occurs at 81.233 s after 07:40. Adding 170 
ms the delays, tripping would be at 81.403 s, or 
around 0.2 s before the real signal voltage minimum. 

For the VmagQ algorithm, Fig. 17 shows the 
weighted average voltage and weighted average re- 
active power that are combined using fuzzy logic. 





Time in seconds from 07:40 


Figure 17 
VmagQ fuzzy logic inputs and outputs. 
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The crisp. (center of gravity) fuzzy logic output is 
also shown. High fuzzy logic output correctly occurs 
for the combination of low voltage and high reactive 
power output. Fuzzy logic output above a threshold 
is accumulated. For capacitor/reactor bank switching 
the thresholds are 0.40 per unit (p.u.). For genera- 
tor tripping, the thresholds are 0.45 p.u. Accumula- 
tor settings are 0.05 p.u.-s for capacitor/reactor 
bank switching and 0.2 p.u.-s for generator tripping. 

The VmagQ algorithm WACS output for 
capacitor/reactor bank switching cccurs 81.033 s 
after 07:40 (same time as the voitage magnitude 
based algorithm). Adding [70 ms for cemmunica- 
tions, PDC, and circuit breaker delay, switching 
would be at 81.203 s, or around 0.4 s before the 
real signal voltage minimum. 

WACS VmagQ algorithm output for generator 
tripping occurs at 81.533 s after 07:40 (300 ms later 
than the voltage magnitude based algorithm). Adding 
| 70 ms for the delays, tripping would be at 81.703 s, 
or around 0.1 s after the real signal voltage mini- 
mum. While this will cause a larger backswing, the 
generator tripping reduces intertie loading and sys- 
tem stress. 

The 14 June massive loss of generation was well 
beyond planning and operating reliability criteria. 
While unusual, power systems are continuously ex- 
posed to unusual events. 

If stress (Pacific intertie loading) was somewhat 
higher on 14 June, instability would have oc- 
curred and caused controlled islanding with mas- 
sive generation/load imbalance in the importing 
southern island that suffered the initial 4600-MVV 
loss. Either massive underfrequency load shedding 
or a widespread blackout in California, Nevada, Ar- 
izona, and New Mexico would have resulted. Stress 
would have been higher later in the day as temper- 
atures and load increased. 

Events like the |4 June event are exactly what 
WACS can protect against. Reference [25] provides 
more details on this event. 


VI. WACS STATUS 


Since March 2003, WACS has been installed in a 
laboratory with real-time phasor measurement in- 
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puts from a PDC and recording of contact outputs. 
Based on the following, we have demonstrated 
"proof of concept," and tuned and validated the 
real-time controller hardware and software: 


* large-scale simulations including playback of 
simulation results into real-time code; 

* monitoring of real system performance over a 
two-year period; 

* playback of archived data into real-time code, 
particularly for the |4 June 2003 massive gen- 
‘eration outage event. 


With successful R&D, BPA is considering a capi- 
tal budget installation for commercial use as de- 
scribed below. 


Vill. FURTHER DEVELOPMENT OF WACS 


In parallel with the demonstration project, design 
requirements for permanent commercial implemen- 
cation are being developed. Similar to SPS, very high 
reliability is required if WACS is used to increase 
power transfer limits. Dedicated, latest generation 
phasor measurement sensors likely will be required. 
A 60 packets per second data rate and a 60 times 
per second control execution rate will probably be 
used. Control computers will likely be at both BPA 
control centers, and all communications will be self- 
healing (geographically separated fiber-optic or digi- 
tal microwave rings). The PDC function may be in- 
corporated in the WACS computers, 

After experience with single discontinuous con- 
trol actions, bang-bang switching of capacitor banks 
can be considered for oscillation damping enhance- 
ment. Other control actions may be added, such as 
raising transmission voltage schedules at power 
plants during emergency situations; see Fig. 3. Non- 
linear modulation of a static var compensator near 
Seattle, WA, using a voltage magnitude signal from 
Malin has been found effective [29] and could be 
implemented using WACS technology. 

Many voltage and current phasor measurements 
plus system frequency measurements are available. 
Available measurements increase year by year. 
Binary signals from substations can be added to 
the phasor measurement packets. From this data, 


WACS can provide monitoring and alarms for con- 
trol center operators. Possibilities include event 
detection and monitoring of oscillation activity [30], 
[3l, Ch. 6]. The software platform has extensive 
signal processing tools, and poor damping following 
severe disturbances is relatively easy to detect. A 
challenge is to minimize false alarms—logic or arti- 
ficial intelligence (Al) methods applied to the large 
measurement base might be developed for this pur- 
pose. 

Integration with other control center networks 
and application may offer synergies, For example, 
online security assessment simulations perhaps could 
be used for automatic tuning/learning/adaptation of 
WACS. 

WACS is currently oriented toward improving 
stability of a specific interarea power transfer path. 
Application in other networks may be straightfor- 


. ward. For example, in a load area, either wide-area 


voltage measurements or combined voltage mea- 
surements and generator reactive power measure- 
ments could be used for reactive power compen- 
sation switching or load tripping. Such control in 
northern Ohio could have prevented the 14 August 
2003 blackout. 

Research is ongoing at WSU on further general- 
izing of wide-area controls to meshed networks 
where control strategy (measurements, disturbance 
classification, and generator or load tripping actions) 
is more difficult. WSU is also researching theoretical 
aspects, and use of voltage phase angles as control 
input. Appendices Il and III describe this research. 


IX. CONCLUSION 


Automatic control experts state: "A modern view 
of control sees feedback as a tool for uncertainty 
management" [32, p. 1]. 

Given the many changes in the electric power 
industry with increasing complexity and reduced in- 
vestment in transmission lines, the possibility and 
actual occurrences of large-scale blackouts are a 
worldwide concern. Clearly, new means to improve 
power system reliability and robustness are desir- 
able. The addition of wide-area feedback control to 
frequently used wide-area feedforward control is an 


“ 


effective additional layer of defense against blackouts 
[33], as well as facilitator of electrical commerce. 

WACS exploits advances in digital/optical com- 
munications and computation. Specific advantages 
include the following. | | 


* Control for outages and conditions not cov- 
ered by feedforward controls (SPS). 

Potentially simplifies operations for changing 
system conditions—currently, operators are 
required to reduce power transfers when un- 
studied conditions are encountered. 

Improved  observability and controllability 
compared to local control. Discontinuous con- 
trol reduces exposure to adverse interactions. 
* Flexible, high reliability “open system" platform 
for rapid, low-cost control and monitoring ad- 
ditions, including wide-area continuous control. 
Provides a combination of reliability increase 
and power transfer capability increase. 

Caters to uncertainty in simulation results used 
to determine operating rules and limits. 

Future potential with cost reductions and fur- 
ther [T advances. Potential for application in 
meshed grid as well as intertie corridors. Con- 
trol inputs and outputs may be extended over 
a larger geographical area such as the entire 
western North American power system. 


* 


Moving from VVAMS to WACS (wide-area mea- 
surements to wide-area stability control) is a chal- 
lenge in the new century. 
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12.1 


FIGURE 12.1 


Single-phase two-wire 
lossless line section of 


length Ax 
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TRAVELING WAVES ON SINGLE-PHASE LOSSLESS 
LINES 


We first consider a single-phase two-wire lossless transmission line. Figure 
12.1 shows a line section of length Ax meters. If the line has a loop induc- 
tance L H/m and a line-to-line capacitance C F/m, then the line section has a 
series inductance L Ax H and shunt capacitance C Ax F, as shown. In Chap- 
ter 5, the direction of line position x was selected to be from the receiving end 
(x = 0) to the sending end (x = I): this selection was unimportant, since the 
variable x was subsequently eliminated when relating the steady-state send- 
ing-end quantities V, and J, to the receiving-end quantities Vg and Jp. Here, 
however, we are interested in voltages and current waveforms traveling along 
the line. Therefore, we select the direction of increasing x as being from the 
sending end (x = 0) toward the receiving end (x = /). 
Writing a KVL and KCL equation for the circuit in Figure 12.1, 


Oi(x, 1) 


v(x + Ax, t) — v(x, t) = —LAx 31 (12.1.1) 
i(x + Ax, t) — i(x, t) = -CAx Pe (12.1.2) 


Dividing (12.1.1) and (12.1.2) by Ax and taking the limit as Ax — 0, we 
obtain | 





Ov(x,f) | , Oi(x, t) | 
A “oiz (12.1.3) | 
Oi(x, t) Qv(x, t) 
D LI. 14 
Ox C Ot (12.1.4) 


We use partial derivatives here because v(x, t) and i(x,f) are differentiated 
with réspect to both position x and time 7. Also, the negative signs in (12.1.3) 
and (12.1.4) are due to the reference direction for x. For example, with a 
positive value of ĝi/ðt in Figure 12.1, v(x, t) decreases as x increases. 

Taking the Laplace transform of (12.1.3) and (12.1.4), 


d V(x, s) _ 


—sL] 12.1. 
dx SLI(x, s) (12.1.5) 


(x th LAx ix + Ax, t) 


+ WAH | + 
v(x, t) CAx vix + Ax, t) 
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rd s) = —sCV(x, s) (12.1.6) 


where zero initial conditions are assumed. V(x, s) and I(x,s) are the Laplace 
transforms of v(x, 1) and i(x, t). Also, ordinary rather than partial derivatives 
are used since the derivatives are now with respect to only one variable, x. 

Next we differentiate (12.1.5) with respect to x and use (12.1.6), in order 
to eliminate I(x, s): | | 


d?V (x, s) iOS. 3 

ET o = -sL— = g LCV (x, s) 
or 

d^V(x.s 

P t -= s°LCV(x,s) =0 (12:12) 
Similarly, (12.1.6) can be differentiated in order to obtain 

a^ x e). us 

CU E LCI(x,s) 2 0 (12.1.8) 


Equation (12.1.7) 1s a linear, second-order homogeneous differential 
equation. By inspection, its solution 1s 


V(x, s) = VH (s)e5** + V7 (s)e**/" (12.1.9) 
where 
Similarly, the solution to (12.1.8) is 

I(x,s) = I*(s)e 7 4- I- (s)e**Y/" | QA EN 


You can quickly verify that these solutions satisfy (12.1.7) and (12.1.8). 
The “constants” V*(s), V- (s), I^ (s), and I- (s), which in general are functions 
of s but are independent of x, can be evaluated from the boundary conditions 
at the sending and receiving ends of the line. The superscripts + and — refer 
to waves traveling in the positive x and negative x directions, soon to be ex- 
plained. 

Taking the inverse Laplace transform of (12.1.9) and (12.1.11), and re- 
calling the time shift properly, Z| f(t — z)| = F(s)e **, we obtain 


u(x,t) sr (1-2) +07 (rez) (12.1.12) 


Ix mg (-£) T (2) (1213) 


where the functions v*( ),v7(),i*(), and í7( ), can be evaluated from the 
boundary conditions. 


The function f+ (uw), 
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FIGURE 12.2 
f *(u) 


X 
where u — — z) 
I 





I— vt, - h) 


(a) f'(u) versus u (b) f(t — d Versus x 


We now show that vt(:— x/v) represents a voltage wave traveling 
in the positive x direction with velocity v = 1/LC m/s. Consider any wave 
f^ (u), where u = 1 — x/v. Suppose that this wave begins at u = uo, as shown 
in Figure 12.2(a). At time £ = tj, the wavefront is at ug = (ti — x1/v), or at 
x; = v(t; — ug). At a later time, t2, the wavefront is at ug = (fo — x2/v) or at 
X» = v(t — ug). As shown in Figure 12.2(b), the wavefront has moved in the 
positive x direction a distance (x2 — x1) = v(t2 — 4) during time (b — 1). 
The velocity is therefore (xo — x1)/(t5 — 4) = v. 

Similarly, i* (t — x/v) represents a current wave traveling in the positive 
x direction with velocity v. We call v*(r — x/v) and i*(1 — x/v) the forward 
traveling voltage and current waves. It can be shown analogously that 
v^ (t -- x/v) and i^ (t + x/v) travel in the negative x direction with velocity v. 
We call v^ (t+ x/v) and i^ (1 + x/v) the backward traveling voltage and cur- 
rent waves. 

Recall from (5.4.16) that for a lossless line fA = 1/ LC. It is now evi- 
dent that the term 1/ VLC in this equation is v, the velocity of propagation of 
voltage and current waves along the lossless line. Also, recall from Chapter 4 
that L is proportional to wz and C is proportional to e. For overhead lines, 
v = 1/VLC is approximately equal to 1/ /u& = 1/./Ig& = 3 x 105 m/s, the 
speed of light in free space. For cables, the relative permitivity £/& may be 3 
to 5 or even higher, resulting in a value of v lower than that for overhead 
Iines. 

We next evaluate the terms I*(s) and I~ (s). Using (12.1.9) and (12.1.10) 
in (12.1.6), 


- |-I* (s)e 9" exp (s) ge gs —sC[V* (se +y- (s)e***/"] 


Equating the coefficients of e~**/” on both sides of this equation, 


_V#(s)_ VAG) 


Vz Le 
C 


I+ (s) = (vC) V+ (s) (12.1.14) 








where 
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[2.2 


FIGURE 12.3 


Single-phase two-wire 
lossless line with source 
and load terminations 





L 
Similarly, equating the coefficients of et", 
-V (s) 
"sm 2. 
I (s) Z. (12.1.16) 
Thus, we can rewrite (12.1.11) and (12.1.13) as 
i rae 
I(x,s) = mee “n GALII 


ie.) m z- |" (-2) -y (5) (12.1.18) 


Recall from (5.4.3) that Ze = J/L/C is the characteristic impedance (also 
called surge impedance) of a lossless line. . 


BOUNDARY CONDITIONS FOR SINGLE-PHASE 
LOSSLESS LINES 


Figure 12.3 shows a single-phase two-wire lossless line terminated by an im- 
pedance Zp(s) at the receiving end and a source with Thévenin voltage Eg (5) 
and with Thévenin impedance Ze (s) at the sending end. V(x, 5) and I(x, s) are 
the Laplace transforms of the voltage and current at position x. The line has 
length 7, surge impedance Z. = ,/L/C, and velocity v = I/ VLC. We assume 
that the line is initially unenergized. l 
From Figure 12.3, the boundary condition at the receiving end ts 


V(1,5) = Zn (s)I(l, s) (12:23:10 
Using (12.1.9) and (12.1.17) in (12.2.1), 
y+ (s)e- s" $ y- en — =e CURE _ V^ (s)e**^*] 


Solving for V- (1, s) 
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V7 (1,8) = Ya(s)V* (s)e 7" (12.2.2) 
where 
Za(5) | 
2 5 
In(s) = ————— per unit (1262.3) 
Zr{s) "E 
Ze 
/ 
p seconds (12.2.4) 


In(s) is called the receiving-end voltage reflection coefficient. Also, t. called 
the transit time of the line, is the time it takes a wave to travel the length of 


the line. 
Using (12.2.2) in (12.1.9) and (12.1.17), 
V(x,s) = V*(s)[e *** + I (sel (12.2.5) 
Ez 
I(x,s) = 38) [e e e (set) 24] (12.2.6) 


C 


From Figure 12.3 the boundary condition at the sending end ts 
V(0,5) = Ec(s) — Za(s)I(0, s) GAZT) 
Using (12.2.5) and (12.2.6) in (12.2.7), 
Z 
V* (1 + T«()e?7] = Ea) - |S v* (yt - rae" 


Solving for V (s), 


vo Psi] rater en 1e Bot 


G 





vtto 99). 11a - rae) s(6)e%) = Eo) 
- ES 
V*() = Eo) S| More] (122.8) 
where 
Us(s) = Za, (12.2.9) 
Zi 


I's(s) is called the sending-end voltage reflection coefficient. Using (12.2.9) in 
(12.2.5) and (12.2.6), the complete solution is 
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Z. - eS + TR(s)e em- 
7 Ec(s) e 5X" — Fg (sje t-r] 
I(x, 5) = zo vA | 1 — In (sS)Fs(s)e?s (122.11) 
where 
Zn(s) —] 
Z. | 
In (s) = Zr per unit 
Z. t1 
Zo(s) , 
Ps(s).= Zi per unit (12.2.12) 
+1 
Ze 
L J d 
z-JL Q = JEC m/s tT=7 S (12.2.13) 


The following four examples illustrate this general solution. All four 
examples refer to the line shown in Figure 12.3, which has length /, velocity v, 
characteristic impedance Z,, and is initially unenergized. 


EXAMPLE 12.1! Single-phase lossless-line transients: step-voltage source 
at sending end, matched load at receiving end 


Let Zp = Z. and Zg = 0. The source voltage is a step, eg{t) = Euj(1). (a) 
Determine v(x, f) and i(x, t). Plot the voltage and current versus time : at the 
center of the Ime and at the receiving end. 


SOLUTION 
a, From (12.2.12) with Za = Z, and Zg = 0, 
1-1 0—1 
In(s) 2 171-0 l's(s) 25717 T 


The Laplace transform of the source voltage is Eg(s) = E/s. Then, from 
(12.2.10).and (12.2.11), 


Ee **/" 
S 





v6.3 = (EJee = 


Ix, s) = € 29 e= 
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FIGURE 12.4 // | ae * 
45 t) | (5 t) 
Voltage and current . ` 
. waveforms for Example 


12.1 
| Æ 
E 
Zt 
: t 7 t 
2 2 
v(£Z, t) | i(£, t) 
E 
| E 
Z. 
= | t 
T T 


Taking the inverse Laplace transform, 


v(x, t) = Eu | ( — =) 
V 

E E x\ 

i(x, t) = zm C = z) 


b. At the center of the line, where x = 7/2, 


; HSE s TE [jm E NS 
CU EL AN QUSE EC 
At the receiving end, where x = /, 


v(i, t) = Eu. (1 — 1) itd) LM (1 — 1) 
za 
These waves, plotted in Figure 12.4, can be explained as follows. At £ = 0 
the ideal step voltage of E volts, applied to the sending end, encounters Z,, 
the characteristic impedance of the lme. Therefore, a forward traveling 
step voltage wave of E volts is initiated at the sending end. Also, since the 
ratio of the forward traveling voltage to current is Z,, a forward traveling 
step current wave of (E/Z,) amperes is initiated. These waves travel in 
the positive x direction, arriving at the center of the line at t = 1/2, and at 
the end of the line at t = z. The receiving-end load is matched to the line; 
that is, Zp = Ze. For a matched load, TR = 0, and therefore no backward 
traveling waves are initiated. In steady-state, the line with matched load 1s 
energized at E. volts with current E/Z, amperes. E 
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EXAMPLE 12.2 


Single-phase lossless-line transients: step-voltage source 
matched at sending end, open receiving end 


The receiving end is open. The source voltage at the sending end is a step 
eg(t) = Eu-i(t), with Za(s) = Ze. (a) Determine v(x, 7) and i(x,t). (b) Plot 
the voltage and current versus time : at the center of the line. 


SOLUTION 
a. From (12.2.12), 





Z 
z! 1-1 
— li c =] Te(s) = — = 
Tr(s) m Zn 4] sts) 141 0 
Ze 


The Laplace transform of the source voltage is Eg(s) = E/s. Then, from 
(12.2.10) and (12.2.11), 


E /I : hy ay 
V(x,s) = s (5) [e 9" 4. esi] 





E l ~—SN/Y si(x/v)—2 
loss) == te v/v — gsls] 
C 


Taking the inverse Laplace transform, 


E x E x 
W(X, f) = zu-i t=] +5] t+7=2r 
(0 Eua (1-2) -Ea (1-2) 


b. At the center of the line, where x = 7/2, 


La -E, f- +E, TEL 
kan 72310175] 3t 2 
ff Y SUE (o ty_E, (,_% 
oz 2) 2z^ 2 


These waves are plotted in Figure 12.5. At ¢ = 0 the step voltage source of E 
volts encounters the source impedance Zg = Z. in series with the characteris- 
tic impedance of the line, Z.. Using voltage division, the sending-end voltage 
at f= 0 is E/2. Therefore, a forward traveling step voltage wave of E/2 volts 
and a forward traveling step current wave of E/(2Z,) amperes are initiated at 
the sending end. These waves arrive at the center of the line at t = 7/2. Also, 
with Ir = 1, the backward traveling voltage wave equals the forward travel- 
ing voltage wave, and the backward traveling current wave 1s the negative of 
the forward traveling current wave. These backward traveling waves, which 
are initiated at the receiving end at z = t when the forward traveling waves 
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FIGURE 12.5 «(5 t) 


Voltage and current 
waveforms for Example 


12.2 E 
E 
2 
. LLL t 
I 3T 
2 2 
{t 
(5. j 
E 
27. ; 
T 3T 
2 2 


arrive there, arrive at the center of the line at t = 37/2 and are superimposed 
on the forward traveling waves. No additional forward or backward traveling 
waves are initiated because the source impedance is matched to the line; that 
is, l's(s) = 0. In steady-state the line, which is open at the receiving end, is 
energized at E volts with zero current. |. 


EXAMPLE 12.3 Single-phase lossless-line transients: step-voltage source 
matched at sending end, capacitive load at receiving end 


The receiving end is terminated by a capacitor with Cg farads, which is 
initially unenergized. The source voltage at the sending end is a unit step 
eg(t) = Eu_;(t), with Zg = Ze. Determine and plot v(x, £) versus time fr at 
the sending end of the line. 


SOLUTION From (12.2.12) with Zp = — and Zg = Ze, 
R 


] l 
— -| — — 
SCR Ze s+ ZcCr 


Rt) = = 
sCaZ | 5 ZO. 
1-1 

rs(s) =7 4 = 9 


Then, from (12.2.10), with Eg(s) = E/s, 
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— S + id 
V(x,5) = EN ese | ZUR | t-z 
$2 " ] 
$ 
ED. o 
S+ 
A E ev I | Z.CR oSl(x/1)-21] 
2 S $ 2 l 
: ZR 
Using partial fraction expansion of the second term above, 
Eee 2 a 
Vix PN A »[(x/v)—21] 
5 
Z.CR 


The inverse Laplace transform ts 


E E €— | 
DX, 1) = 5-1 ( — =) + 5 [| — 2e - MZ CRY iN G - 22) 


At the sending end, where x =.0, 
E E 
(0.0 = zu (f) + z [1 — 2e 7/2602], | (1 — 22) 


v(0, +) 1s plotted in Figure 12.6. As in Example 12.2, a forward trav- 
eling step voltage wave of E/2 volts is initiated at the sending end at ¢ = 0. 
At t — t, when the forward traveling wave arrives at the receiving end, 
a backward traveling wave 1s initiated: The backward traveling voltage . 
wave, an exponential with initial value —E/2, steady-state value +E/2, 
and time constant Z,Cp, arrives at the sending end at ¢ = 2z, where it is 
superimposed on the forward traveling wave. No additional waves are ini- 
tiated, since the source impedance is matched to the line. In steady-state, 
the line and the capacitor at the receiving end are energized at E volts with 
zero current. : 


FIGURE 12.6 wo, t) 


Voltage waveform for 
Example 12.3 


0.632 E 
OSE 


r 


T 2 Z.Cr 
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The capacitor at the receiving end can also be viewed as a shori 
circuit at the instant ! = t, when the forward traveling wave arrives at the 
receiving end. For a short circuit at the receiving end, Ig = —-1, and 
therefore the backward traveling voltage wavefront is —E/2, the negative 
of the forward traveling wave. However, in steady-state the capacitor is an 
open circuit, for which Tp = +1, and the steady-state backward traveling 
voltage wave equals the forward traveling voltage wave. E 


EXAMPLE 12.4 Single-phase lossless-line transients: step-voltage source 
with unmatched source resistance at sending end, 
unmatched resistive load at receiving end 


At the receiving end, Zp = Z,/3. At the sending end, eg (7) = Eu. 1(t) and 
Zo = 2Z,. Determine and plot the voltage versus time at the center of thc 
line. 


SOLUTION From (12.2.12), 





From (12.2.10), with Eg(s) = E/s, 


V(x s) B E 1 [e V" _ 1 eslex/)721] 
"58 M3 1 + (Le?) 


The preceding equation can be rewritten using the following geometric series: 


I ; 
—— =] 2 _ 43 4 o... 
lay y*y pry 


with y = lg? 


V(x,s) = 


E ~sx/v l s{(x/v)—27] 
35 fe 2° 


I —2sr } —Ast I —6sT . 
di zE + 366 716° + 


Multiplying the terms within the brackets, 


— E ~sx/y l si(x/v)-27] l —s((x/v)--2r] s((x/v)—-4c| 
Vins) - x |e ze ze +e 
] l . 
(o o5-s(x/vr)-4) — ^ sl(x/v)— 6r] 2. 
+ 3 6° 7 hd + | . 


Taking the inverse Laplace transform, 
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At the center of the line, where x = 7/2, 
] v Es uk | 31 | 3f 
V x d H | 73 TIC oie, ay del Ee 
"Ed LC doit ; acy d ; 2 
poe c gap c ce ee Oe 


t(1/2, 1) is plotted in Figure 12.7(a). Since neither the source nor the 
load is matched to the line, the voltage at any point along the line consists of 
an infinite series of forward and backward traveling waves. At the center of 
the line, the first forward traveling wave arrives at ? = 1/2; then a backward 
traveling wave arrives at 37/2, another forward traveling wave arrives at 
51/2, another backward traveling wave at 77/2, and so on. 

The steady-state voltage can be evaluated from the final value theorem. 
That 1s, | 


DuC) lim vv ies lim SV (x, s) 


EN /1Y [e *V* — desl) -29] 
s—O S 3 a 2e 
=E (s Esp E 
DUREE. 7 


The steady-state solution can also be evaluated from the circuit in 


Figure 12.7(b). Since there 1s no steady-state voltage drop across the lossless 
line when a dc source is applied, the line can be eliminated, leaving only the 





8r — 8r — h — 97 — d 
2 2 2 


hala 


(b) Steady-state solution 


(a) Voltage waveform 


FIGURE [2.7 Example 12.4 


12.3 


FIGURE 12.8 


Bewley lattice diagram 
for Example 12.5 
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source and load. The steady-state voltage 1s then, by voltage division, 


wl = E| ——— | = E| —— |] =- 
Ps) (z ET) (35) 7 


BEWLEY LATTICE DIAGRAM 


641 


A lattice diagram developed by L.'V. Bewley [2] conveniently organizes 
the reflections that occur during transmission-line transients. For the Bewley 
lattice diagram, shown in Figure 12.8, the vertical scale represents time and 1s 
scaled in units of t, the transient time of the line. The horizontal scale repre- 
sents line position x, and the diagonal lines represent traveling waves. Each 
reflection is determined by multiplying the incident wave arriving at an end 
by the reflection coefficient at that end. The voltage r(x, f) at any point x and 
t on the diagram is determined by adding all the terms. directly above that 


point. 
Ts = 5 Position x —- 
VOLTAGE Tg = -5 
Time t 


Vals) = TM s) = = 


| 
l 
| 
l] 
| 
| 
| 


Vals) = TaValsl = se 
| 


| 
| Vals) = T'sVals) 
l 
J 


Vels) = Tails) = 
( 


TE 
216s 


V5{s) = l'sVals) = 
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EXAMPLE 12.5 Lattice diagram: single-phase lossless line 


FIGURE 12.9 


Voltage waveform for 
Example 12.5 


FIGURE 12.10 


Junction of two smgle- 
phase lossless lines 


For the line and terminations given in Example 12.4, ay the lattice dia- 
gram and plot v(//3, 1) versus time f. 


SOLUTION The lattice diagram is shown in Figure 12.8. At z = 0, the source 
voltage encounters the source inipedance and the line characteristic imped- 
ance, and the first forward traveling wave is determined by voltage division: 


E ZATTE ù E 
YAN TEG) E DE ~ 35 


which is a step with p E (B/3) volts. The next traveling wave, a back- 
ward one, is V2(s) = Ir(s)V; S) - = (—4)Vi(s La —E/(6s), and the next wave, 
a forward one, is V3(s) = I,(s)V2(s) = (4)V2(s) = —E/(18s). Subsequent 
waves are calculated in a similar manner. 

The voltage at x =//3 is determined by drawing a vertical line at 
x = 1/3 on the lattice diagram, shown dashed in Figure 12.8. Starting at the 
top of the dashed line, where ¢ = 0, and moving down, each voltage wave 
is added at the time it intersects the dashed line. The first wave t4 arrives 
at 1 = 1/3, the second v» arrives at 51/3, v4 at 77/3, and so on. v(//3, t) is 
plotted in Figure 12.9. 





0.138 E 0.148 E 





0.111 E 


3 F uc E] 


I 
3 


Figure 12.10 shows a forward traveling voltage wave V," arriving at the 
junction of two lossless lines A and B with characteristic impedances Za and 
Zg, respectively. This could be, for example, the junction of an overhead line 
and a cable. When V, arrives at the Junction, both a reflection V; on line A 
and a refraction Vg on line B will occur. Writing a KVL and KCL equation 
at tbe junction, 


-- Je 


Line A Line B 
Za ' Zg 
ee 


EXAMPLE 12.6 
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VI +V = Vi (12.3.1) 
+i =i (12.3.2) 


Recall that Tk = Ve /Za. ly = -W /Za, and: ln = = Vg /Za. Using these rela- 
tions in (12.3.2), 





Ve Vi _ Ve 
A LIA 12.3.3 
ZA ZA ^ Za 
Solving (12.3.1).and (12.3.3) for Vx, and Vg in terms of V? yields 
Va = Taa Ve (12.3.4) 
where 
Zp 
Taa = La (12.3.5) 
25 i | 
ZA 
and 
Vf = Iba Va (12.3.6) 
where : 
` Z . 
6 
Tra = — A (12.3.7) - 
Bi 
ZA 


-Note that Taa, given by (12.3.5), is similar to Tp, given by (12.2.12), 
except that Zg replaces Zg. Thus, for waves arriving at the junction from line 
A, the “load” at the receiving end of line A is the characteristic impedance of 
line B. 


Lattice diagram: overhead line connected to a cable, single-phase 
lossless lines 


As shown in Figure 12.10, a single-phase lossless overhead line with Za = 
400 ©, v4 =3 x 10* m/s, and J, = 30 km is connected to a single-phase 
lossless cable with Zg = 100 Q, vg = 2 x 10? m/s, and /g = 20 km. At the 
sending end of line A, e(t) = Eu. (t) and Zg = Za. At the receiving end of 
line B, Zp = 2Zp = 200 Q. Draw the lattice diagram for 0 < 1 < 0.6 ms and 
plot the voltage at the junction versus time. The line and cable are initially 
unenergized. 


SOLUTION From (12.2.13), 


30 x 10? 
"73x10 - 9! 


20 x 10? 


-3 — 
x 10 S B= 75x 108 


=0.1x 107 s 
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From (12.2.12), with Zg = Za and Zp = 2Zg, 


1-1 2-1 | 

I: = Å= 0) [ = —__ = — 

= eel R 2+1 3 

From (12.3.5) and (12.3.6), the reflection and refraction coefficients for waves . 
arriving at the junction from line A are : 


100 , 100 

400 | -3 400 2 | 
TAA = —— = — Iga = ———-—5»f A 
AA 0. 5 BA LN 7 rom line 

400 400 


Reversing A and B, the reflection and refraction coefficients for waves re- 
turning to the junction from line B are 





400 ) » 400 
10 ^ 3 100 8 | 
B = — S o = = — 1 
BB = 00 E 5 Tag 400 " z from line B 
100 100 


The lattice diagram is shown in Figure 12.11. Using voltage division, 
the first forward traveling voltage wave 1s 





FIGURE 12.11 VOLTAGE 
Lattice diagram for | rs = 0 Ta = -i l'ag = 8 ma! 
Example 12.6 : m" a3 
E = = J s 
Position x —— BA & AB 5 
0 la (£4 + fg) 
lime f 
(TA + Ta) 
(7, + 2748) 
(27A t 278! (TA + 3Ta) 
[TA t 41g) 
2a eta) (ta + Ste) 
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FIGURE 12.12 wiz, t) 


Junction voltage for 
Example 12.6 


t (ms) 





"(9 = Eat z z) -5(5) - 


When v; arrives at the junction, a reflected wave v; and refracted wave v3 are 
initiated. Using the reflection and refraction coefficients for line A, 


V2(s) = TaaVi(s) = 3 (x) " e: 





V3(s) = TBa Vi (s) = (5) (=) == 


When v» arrives at the receiving end of line B, a reflected wave V4(s) = 
Ta V3(s) = $(E/5s) = (E/15s) is initiated. When v4 arrives at the junction, re- 
flected wave vs and refracted wave vg are initiated. Using the reflection and 
refraction coefficients for line B, 


B 
Vs (s) = I Bp Va (s) = (3) (=) = 25; 


V«(s) = ag Va(s) = (5) (=) » E 


Subsequent reflections and refractions are calculated in a similar manner. 

The voltage at the junction is determined by starting at x = lą at the 
top of the lattice diagram, where t= 0. Then, moving down the lattice dia- 
gram, voltage waves either just to the left or just to the right of the junction 
are added when they occur. For example, looking just to the right of the 
junction at x = /f, the voltage wave vs, a step of magnitude E/S volts occurs 
at £= t4. Then at tf = (ta + 27g), two waves v4 and vs, which are steps of 
magnitude E/15 and E/25, are added to v3. v(I4, t) 1s plotted in Figure 12.12. 

The steady-state voltage 1s determined by removing the lossless lines 
and calculating the steady-state voltage across the receiving-end load: 


7 Zr \ 200 \ E 
md zc ez) H E (zs ES i) ~ 3 z 
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FIGURE 12.13 


Junction of lossless lines 
A, B, C, D, and so on 


| 2.4 





-,e* line D 


The preceding analysis can be extended to the junction of more than two 
lossless lines, as shown in Figure 12.13. Writinga KVL and KCL equation at 
the junction for a voltage Vý arriving at the junction from line A, 
V+W =Vi =Vt= V= m (12.3.8) 
U+ =I} ++I | | | (12.3.9) 
Using IX = V! /Za, Ij = -V /Za, lg = Vg /Zp, and so on in (12.3.9), 
Va Va Vg Ve Vb | 


ZA ZA Za Ze Zp | 
Equations (12.3.8) and (12.3.10) can be solved for V^, Ve, Vi, V$, and so 
on in terms of Vi. (See Problem 12.14.) 


E (12.3.10) 


DISCRETE-TIME MODELS OF SINGLE-PHASE 
LOSSLESS LINES AND LUMPED RLC ELEMENTS 


Our objective in this section-is to develop discrete-time models of single-phase 
lossless lines and of lumped RLC elements suitable for computer calculation 
of transmission-line transients at discrete-time intervals r= At, 2Ar, 3Aż, and 
so on. The discrete-time models are presented as equivalent circuits consisting 
of lumped resistors and current sources. The current sources in the models 


represent the past history of the circuit—that is, the history at times £ — At, 


! — 2At, and so on. After interconnecting the equivalent circuits of all the 
components in any given circuit, nodal equations can then be written for each 
discrete time. Discrete-time models, first developed by L. Bergeron [3], are 
presented first. 


SINGLE-PHASE LOSSLESS LINE 


From the general solution of a single-phase lossless line, given by (12.1.12) 
and (12.1.18), we obtain 
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FIGURE 12.14 ;(y i. io 
Single-phase two-wire ————————D Ws hie 
lossless line — * E Wo zZ d 
vU) vC Vk € L(t = T) 
CEL———————ÉDnD p 
(a) Terminal variables | (b) Discrete-time equivalent circuit 
| x , . 
v(x, t) + Zei(x, t) = 20t ( — =) (12.4.1) 
Y 
x 
v(x, t} — Za(x,t) = 207 ( + z) (12.4.2) 
y 


In (12.4.1), the left side (v+ Z.) remains constant when the argument 
(t — x/v) is constant. Therefore, to a fictitious observer traveling at velocity v 
in the positive x direction along the line, (v + Z.i) remains constant. If t is 
the transit time from terminal k to terminal m of the Ime, the value of 
(b + Zei) observed at time (t — t) at terminal k must equal the value at time / 
at terminal m. That is, 


ox (t — c) + Zeig(t — 1) = A Zeim(t) (12.4.3) 


where k and m denote terminals k and m, as shown in Figure 12.14(a). 

Similarly, (v — Z,i) in (12.4.2) remains constant when (t+ x/v) is con- 
stant. To a fictitious observer traveling at velocity v in the negative x direc- 
tion, (v — Z,i) remains constant. Therefore, the value of (v — Z,i) at time 
(t — t) at terminal m must equal the value at time ż at terminal k. That is, 


DA (1 — t) — Z,ly (1 — t) = v(t) — Zeit) (12.4.4) 


Equation (12.4.3) 1s rewritten as 


| 
in{t) = I p(t — t} - y n(t) (12.4.5) 
where 
l 
Imt — T) = k(t— 1) tg Y(t T) (12.4.6) 
Similarly, (12.4.4) is rewritten as 
] 
in(t) = g(t — 2) +> v(t) i (12.4.7) 
Ze 
where 
l 
l(t — T) = ialt — 1) — z t — t) (12.4.8) 


- Also, using (12.4.7) in (12.4.6), 
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FIGURE 12.15 


Lumped inductance 


| 2 
L,(t—:) = k(t — 27) + z x — t) (12.4.9) 
and using (12.4.5) in (12.4.8), 
2 
(t = 2) = lut = 22) - S(t = 0) (12.4.10) 


Equations (12.4.5) and (12.4.7) are represented by the circuit shown 
in Figure 12.14(b). The current sources I,,(¢ — rt) and I,(¢ — t) shown in this 
figure. which are given by (12.4.9) and (12.4.10), represent the past history of 
the transmission line. 

Note that in Figure 12.14(b) terminals k and 71: are not directly con- 
nected. The conditions at one terminal are "felt" indirectly at the other ter- 
minal after a delay of t seconds. 


LUMPED INDUCTANCE 


As shown in Figure 12.15(a) for a constant lumped inductance L, 





fi(t 
v(t) = LO (12.4.11) 
di 
Integrating this equation from time (1 — Ar) to 1, 
(12.4.12) 





Trapezoidal Integration Rule 


i t) 


v(t) t H 





(a) Continuous time circuit (D) Discrete-time circuit 


FIGURE 12.16 


Lumped capacitance 
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Using the trapezoidal rule of integration, 


i(t) — i(t — At) = (1) (s) lv(t) + v(t — At)] 


Rearranging gives 





|. vw(t) l v(t — At) 

i(t) = OLJAD 4 it- At) os 
Or 

oy He 

i(t) = QL/AB * I; (t = At) (12.4.13) 
where 

v(t — —A 
Ir(t —.At) = i(t — At) + DAR = I(t — 2AÀ1) oe (12.4.14) 


Equations (12.4.13) and (12.4.14) are represented by the circuit shown in 
Figure 12.15(b). As shown, the inductor is replaced by a resistor with resis- 
tance (2L/At) Q. A current source I, (t — Ar) given by (12.4.14) is also in- 
cluded. I(t — At) represents the past history of the inductor. Note that the 
trapezoidal rule introduces an error of the order (At)? 


LUMPED CAPACITANCE 


As shown in Figure 12.16(a) for a constant lumped capacitance C, 


E) 
Integrating from time (1 — At) to 1, 
{ t 
| do(t) = =] idi (12.4.16) 
t— At C 1I— Àt 


Using the trapezoidal rule of integration, 


v(t) — c(t — At) = = (5) i(t) + i(t — A1)] 


i(t) 
t 
vit) 


y 1 
s 


(a)- Continuous time circuit (b) Discrete-time circuit 


GE 
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FIGURE 12.17 


Lumrped resistance 


(t) 





(a) Continuous time circuit 


(t) 
+ 
vit) RO 


(b} Discrete-time circuit 


EXAMPLE !2.7 


Rearranging gives 


i(t) "AX Ic(t — Ar) (12.4.17) 
where | 
— À Xt — A 
Ic(t — At) = i(t — At) + ATE = —lc(t — 2At) + AG (12.4.18) 


Equations (12.4.17) and (12.4.18) are represented by the circuit in Fig- 
ure 12.16(b). The capacitor is replaced by a resistor with resistance (A//2C) 
Q. A current source Ic(1 — Az), which represents the capacitor's past history, 
is also included. 


LUMPED RESISTANCE 


The discrete model of a constant lumped resistance R, as shown in Figure 
12.17, is the same as the continuous model. That is, 


v(t) = Ri(1) (12.4.19) 


NODAL EQUATIONS 


A circuit consisting of single-phase lossless transmission lines and constant 
lumped RLC elements can be replaced by the equivalent circuits given in 
Figures 12.14(b), 12.15(b), 12.16(b), and 12.17(b). Then, writing nodal equa- 
tions, the result is a set of linear algebraic equations that determine the bus 
voltages at each instant r. 


Discrete-time equivalent circuit, single-phase lossless line transients, 
computer solution 


For the circuit given 1n Example 12.3, replace the circuit elements by their 
discrete-time equivalent circuits and write the nodal equations that determine 
the sending-end and receiving-end voltages. Then, using a digital computer, 
compute the sending-end and receiving-end voltages for O € £ < 9 ms. For 
numerical calculations, assume E = 100 V, Z = 400 Q, Ca = 5 uF, r= 1.0 
ms, and At = 0.1 ms. 


SOLUTION The discrete model is shown in Figure 12.18, where v; (t) repre- 
sents the sending-end voltage »(0,7) and v,,(1) represents the receivmg-end 
voltage v(/, t). Also, the sending-end voltage source eg (1) in series with Zg is 
converted to an equivalent current source in parallel with Za. Writing nodal 
equations for this circuit, 
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FIGURE 12.18 Alt) 





Discrete-time equivalent 
circuit for Example 12.7 


Fut) =u. A Mt - 1.0) 








Source Line 





lmit — 1.0) B P vat) BD lc(t — 0.1) 








Line Capacitor 





bed B t — I(t — 1.0) 
Ul - | Late = 100) ret- 0.41) 
Solving, 
vx (t) = 200[1 — I (1 — 1.0)] ! (a) 
Um(t) = 9.75610[L, (1 — 1.0) + Ic(t — 0.1)] (b) 


The current sources in these equations are, from (12.4.9), (12.4.10), and 
(12.4.18), with the argument (t — t) replaced by t, 


Li(t) = L(t-1.0) + gs) (c) 
Veces reed: nt (d) 
Ic(t) = —Ic(t — 0.1) + Eont) (e) 


Equations (a) through (e) above are in a form suitable for digital computer 
solution. A scheme for iteratively computing v, and vm is as follows, starting 
at 1 = 0: 


1. Compute v(t) and v4(t) from equations (a) and (b). 
) 


: 2. Compute L,(t 
1, (2) and I(t) 


3. Change f to (t+ At) = {t+ 0.1) and return to (I) above. 


, i, (t), and Ic(z) from equations (c), (d), and (e). Store 
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FIGURE 12.19 
Example 12.7 


Output 


Time VK . VM 
ms Volts Volts Computer Program Listing 


0.00 50.00 0.00 10 REM EXAMPLE 12.7 

0.20 50.00 0.00 20LPRINT "TIME VK VM" 

0.40 50.00 0.00 30 LPRINT “ms Volts Volts" 

0.60 50.00 0.00  40IC=0 

0.80 50.00 0.00 SOT=0 

LOO 50.00 244 60 KPRINT=2 

120 50.09 1173 65 REM TIS TIME. KPRINT DETERMINES THE PRINTOUT INTERVAL. 
140 50.00 20.13 70 REM LINES 110 to 210 COMPUTE EQS(a)-(e) FOR THE FIRST 
1.60 50.00 27.73  80REM TEN TIME STEPS (A TOTAL OF ONE ms) DURING WHICH 
180 — 50.00 34.61 90 REM THE CURRENT SOURCES ON THE RIGHT HAND SIDE 
2.00 244 4083 100 REM OF THE EQUATIONS ARE ZERO. TEN VALUES OF 
220 11.73 4646 105 REM CURRENT SOURCES IK(J) AND IM(J) ARE STORED. 
240 2013 51.56 IIOFORJ=1TO 10 

2.60 2773 56.17 120 VK -200/4 

280 3461 6034 130 VM=9.756I*I1C 

3.00 40.83 64.12 140 IM(J) = (2/400)* VK 

320 46.46 67.53 150 IK(J) = (72/400)*VM 

340 51.56 7062 160tC=-IC+(1/5)*VM 

360 5617 7342 170 Z=(J—1)/KPRINT 

3.80 6034 75.95 ' 180M-INT(Z) 

400 64.12 7824 190 IF M=Z THEN LPRINT USING '9e** +", T. VK, VM 

420 6753 8031 200T=T+.I | 

440 70.62 82.18 210 NEXT] 

460 73.42 83.88 220 REM LINES 250 to 420 COMPUTE EQS(3)-(e) FOR TIME T 
480 75.95 85.4! 230 REM EQUAL TO AND GREATER THAN 1.0 ms. THE PAST TEN 
5.00 78.24 86.80 240 REM VALUES OF IK(J) AND {M(J) ARE STORED 

5.20 80.31 88.06 250 FORJ=1 TO 10 

540 82.18 89.20 260 REM LINE 270 IS EQ(a). 

5.60 83.88 90.22 270 VK -200*((1/4) - IK(])) 

5.80 8541 91.15 280 REM LINE 290 IS EQ(b). 

6.00 8680 92.00 290 VM=9.7561*(IM()) + IC) 

620 88.06 92.76 300 REM LINE 310 IS EQ(e). 

640 89.20 9345 310IC=-IC+(1/5)*VM 

6.60 90.22 94.07 . 320 REM LINES 330-360 ARE EQS (c) and (d). 

680 91.15 9464 330Cl-IK(f)  (2/400)*VK 

700 9200 95.15 340 C2-IM(J) - 2/400)* VM 

720 9276 95.61 3501M(J-CI 

740 9345 9603 360 IK(J}=C2 

760 9407 9640 370 Z=(J-1)/KPRINT 

780 9464 9675 380M-INT(Z) 

800 9515 97.06 390lFM-Z THEN LPRINT USING '"PP*"; T. VK, VM 

820 9561 29734 400T=T+.l 

840 96.03 97.59 410 NEXT] 

860 9640 97.82 4201F T<9.0 THEN GOTO 250 

880 9675 98.03 430 STOP 

9.00 97.06 98,22 


FIGURE 12.19 


(continued) 


“12.5 
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t (ms) 





Note that since the transmission line and capacitor are unenergized for time 


t less than zero, the current sources I,,( ), I;( ), and Ic( ) are zero whenever 
their arguments ( ) are negative. Note also from equations (a) through (e) 
that it is necessary to store the past ten values of L,( ) and Ix( ). 

A personal computer program written in BASIC that executes the above 
scheme and the computational results are shown in Figure 12.19. The plotted 


sending-end voltage v(t) can be compared with the results of Example 12.3. 
E 


Example 12.7 can be generalized to compute bus voltages at discrete- 
time intervals for an arbitrary number of buses, single-phase lossless lines, 
and lumped RLC elements. When current sources instead of voltage sources 
are employed, the unknowns are all bus voltages, for which nodal equations 
YV = I can be written at each discrete-time instant. Also, the dependent cur- 
rent sources in I are written in terms of bus voltages and current sources 
at prior times. For computational convenience, the time interval Aż can be 
chosen constant so that the bus admittance matrix Y is a constant real sym- 
metric matrix as long as the RLC elements are constant. - 





LOSSY LINES 


Transmission-line series resistance or shunt conductance causes the following: 
1. Attenuation 
2. Distortion 
3. Power losses 


We briefly discuss these effects as follows. 


654 


CHAPTER 12. TRANSMISSION LINES: TRANSIENT OPERATION 


ATTENUATION 


When constant series resistance R O/m and shunt conductance G S/m are 
included in the circuit of Figure 12.1 for a single-phase two-wire Ime, (12.1.3) 
and (12.1.4) become 











Ped = —Ri(x, t) — p t) (12.5.1) 
OC)... ] Ov(x, t) 
zu -Gvw(x,t) - C 2: (125.2) 


Taking the Laplace transform of these, equations analogous to (12.1.7) and 
(12.1.8) are 





=a — y*(s)V(x, s) = 0 A253) 

xe D y (s)I(x, s) = 0 (12.5.4) 
where 

Ws) = y (R 4 sL)(G + $C) (12.5.5) 
The solution to these equations is 

V(x, s) = V*(s)e9)* 4 V7 (seth l (12.5.6) 

I(x,s) = I* (se 79 + I7 (sjet (12.577) 


In general, it is impossible to obtain a closed form expression for v(x, f) 
and i(x,f), which are the inverse Laplace transforms of these equations. 
However, for the special case of a distortionless hne, which has the property 
R/L — G/C, the inverse Laplace transform can be obtained as follows. Re- 
write (12.5.5) as 


y(s) = 1/ LC[(s +8)? — a?] (12.5.8) 
where 
1/R G 
dex ccc 2.3. 
; (1*8) (12.5.9) 
I/R G 
For a distortionless line, o = 0, ô = R/L, and (12.5.6) and (12.5.7) become 
V(x, s) = Vt (s)e- VLC (DI qe (sje * V LCis-(R/U]« (12.5.11) 
I(x,s) = [*(sje- VE Ci (R/D]« 3i I (sjet VECIs+(R/L))x (12.5.12) 


Using v = 1//LC and VLC(R/L) = VRG = a for the distortionless line, 
the inverse transform of these equations 1s 
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dx hee "mr ( — z) 4 etu ( + z) (12.5.13) 


I(x, tS ( x: z) Te ( + z) (12.5.14) 


These voltage and current waves consist of forward and backward traveling 
waves similar to (12.1.12) and (12.1.13) for a lossless line. However, for the 
lossy distortionless line, the waves are attenuated versus x due to the e** 
terms. Note that the attenuation term x = VRG is constant. Also, the at- 
tenuated waves travel ‘at constant velocity v =.1/V/LC. Therefore, waves 
traveling along the distortionless line do not change their shape; only their 
magnitudes are attenuated. 


DISTORTION 


For sinusoidal steady-state waves, the propagation constant (jœ) is, from 
(12.5.5), with s = jo 


y(j«) = V (R + joL)(G + joC) —— jp (125215) 


For a lossless line, R = G = 0; therefore, a = 0, f = wv LC, and the phase 
velocity v= w/f = 1/VLC is constant. Thus, sinusoidal waves of all fre- 
quencies travel at constant velocity v without attenuation along a lossless 
line: | 

For a distortionless line (R/L) = (G/C), and y( jo) can be rewritten, us- 
ing (12.5.8)-(12.5.10), as 


jo) = Jue (jo + A = VEC jo + 3 


=VRG + j—= a+ jp (12.5.16) 


Since a = /RG and v =1/V/LC are constant, sinusoidal waves of all fre- 
quencies travel along the distortionless line at constant velocity with constant 
attenuation—that is, without distortion. 

It can also be shown that for frequencies above 1 MHz, practical trans- 
mission lines with typical constants R, L, G, and C tend to be distortionless. 
Above 1 MHz, « and £ can be approximated by 


REGAL 
a fe | (12.5.17) 


B= oVLC == 2 (12.5.18) 


V 
Therefore, sinusoidal waves with frequencies above 1 MHz travel along a 
practical line undistorted at constant velocity v = 1/4 LC, with attenuation x 
given by (12.5.17). 
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FIGURE 12.20 


Distortion and 
attenuation of surges on 
a 132-kV overhead line 
[4] (H. M. Lacey, “The 
Lightning Protection of 
High-Voltage Overhead 
Transmission and 
Distribution Systems," 
Proceedings of the 
IEEE, 96 (1949), p. 287) ' time (ps) 


(1) Start (0. miles) 
(2) Tower 150 (1.449 miles) 
(3) Tower 130 14.97 miles) 


Voltage (kV) 





At frequencies below 1 MHz these approximations do not hold, and 
lines are generally not distortionless. For typical transmission and distribu- 
tion lines, (R/L) is much greater than (G/C) by a factor of 1000 or so. There- 
fore, the condition (R/L) = (G/C) for a distortionless line does not hold. 

Figure 12.20 shows the effect of distortion and attenuation of voltage 
surges based on experiments on a 132-kV overhead transmission line [4]. The 
shapes of the surges at three points along the line are shown. Note how dis- 
tortion reduces the front of the wave and builds up the tail as it travels along 
the line. | 


POWER LOSSES 


Power losses are associated with series resistance R and shunt conductance 
G. When a current I flows along a line, I^R losses occur, and when a voltage 
V appears across the conductors, V^G losses occur. V^G losses are primarily 
due to insulator leakage and corona for overhead lines, and to dielectric 
losses for cables. For practical lines operating at rated voltage and rated cur- 
rent, I?R losses are much greater than V^G losses. 

As discussed above, the analysis of transients on single-phase two-wire 
lossy lines with constant parameters R, L, G, and C is complicated. The 
analysis becomes more complicated when skin effect 1s included, which means 
that R is not constant but frequency-dependent. Additional complications 
arise for a single-phase line consisting of one conductor with earth return, 
where Carson [5] has shown, that both series resistance and inductance are 
frequency-dependent. 

In view of these complications, the solution of transients on lossy lines 
is best handled via digital computation techniques. A single-phase line of 
length / can be approximated by a lossless line with half the total resistance 
(R//2) Q lumped in series with the line at both ends. For improved accuracy, 
tbe line can be divided into various line sections, and each section can be ap- 
proximated by a lossless line section, with a series resistance lumped at both 
ends. Simulations have shown that accuracy does not significantly improve 
with more than two line sections. 
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FIGURE 12.21 


Approximate model of a 
lossy line segment 





(D) Discrete-tme model 


Discrete-time equivalent circuits of a single-phase lossless lime. Figure 
12.14, together with a constant lumped resistance, Figure 12.17. can be used 
to approximate a lossy line section, as shown in Figure 12.2]. Also. digital 
techniques for modeling frequency-dependent line parameters [6, 7] are avail- 
able but we do not discuss them here. 


12.6 


MULTICONDUCTOR LINES 


Up to now we have considered transients on single-phase two-wire lines. For 
a transmission line with n conductors above a ground plane, waves travel in n 
"modes," where each mode has its own wave velocity and its own surge im- 
pedance. In this section we illustrate model analysis” for a relatively simple 
three-phase line [8]. 

Given a three-phase, lossless, completely transposed line consisting of 
three conductors above a perfectly conducting ground plane, the transmission- 
line equations are 


, | 
rod = —sLI(x, 5) (12.6.1) 
AMS) _ _ CV(x,s) (12.6.2) 


dx 
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where 
Vay (X xX, 5) [20955 
Vix ses 1 Vins) ICs) mm ICS) (12:6.3) 
Veg{X, 5) L(x, s) 
ies Equations (12.6.1) and (12.6.2) are identical to (12.1.5) and (12.1.6) except 


that scalar quantities are replaced by vector quantities. V(x, s) 1s the vector of 
line-to-ground voltages and I(x, s) 1s the vector of line currents. For a com- 
pletely transposed line, the 3 x 3 inductance matrix L and capacitance matrix 
C are given by 


Es los Lg 

DS lhe Le Lal H/m | (12.6.4) 
Iu Ls Ly 
Ci Cji Cni P 

C=|C.. C. €] F/m | (12.6.5) 
C Cn C 


For any given line configuration, L and C can be computed from the equa- 
tions given in Sections 4.7 and 4.11. Note that L4, Lm, and C, are positive, 
Whereas C,, 1s negative. 

We now transform the phase quantities to modal quantities. First, we 


define 
Vag(X, s) NO 5) 
Vig (X, s) = Ty Vie s) (12.6.6) 
Veg(X, 5) Aa AY 
Dx: 5) 1°(x, s) 
L(x, s) | Ti IF (xis) (12.6.7) 
I(x, s) T (xs) 


V(x, s), V*(x,s), and V^(x,s) are denoted zero-mode, positive-mode, and 
negative-mode voltages, respectively. Sinfilarly, 1°(x,s), I*(x,s), and I" (x, s) 
are zero-, positive-, and. negative-mode currents. Ty and T; are 3 x 3 constant 
transformation matrices, soon to be specified. Denoting V,(x, s) and I(x, s) 
as the modal voltage and modal current vectors, 


Vix, 5) = Tv V, (x, s) (12.6.8) 
I(x, s) = Tiin(x, s) (12.6.9) 
Using (12.6.8) and (12.6.9) in (12.6.1), 
Vm 


dx 
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OT 
AV, (X, 5 
a =e —s(T, TET Dax 5) (12.6.10) 
Similarly, using (12.6.8) and (12.6.9) in (12.6.2), 
Die 4 REM 
2. = —s( T; CT,)V, (x, s) . (12.6.11) 


The objective of the modal transformation is to diagonalize the matrix 
products within the parentheses of (12.6.10) and (12.6.11), thereby decoupling 
these vector equations. For a three-phase completely transposed hne, Ty and 
Ti are given by 


l i l 
Toc Te I —2 | (12.6.12) 
] ] -2 
A]so, the inverse transformation matrices are 
] i l 
To eT EE em 3 (12.6.13) 
1 ^0 -l 


Substituting (12.6.12), (12.6.13), (12.6.4), and (12.6.5) into (12.6.10) and 
(12.6.11) yields | 


2 V°(x, s) —s(L, + 2L) 0 0 
z | V% s) | = 0 —S(Ls — Lm) 0 
V (X) 0 0 =s( Ly s Ls) 
1°(x, s) 
x I" (12.6.14) 
F(x) 
ael aCe 0 0 
T I*(x,s) | = 0 —s(C; — Gy) 0 
[I X. 5) 0 0 —s(C; ei Cu) 
VP (x, s) 
x | V*(x,s) (12.6.15) 
V7 x) 
From (12.6.14) and (12.6.15), the zero-mode equations are 
0 
Ev. —s(Ls + 2L,.)IP (x, s) (12.6.16) 
dx 
0 
2I 059 = —s(C, + 2C) VP (x, s) (12.6.17) 


dx 
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12.7 


These equations are identical in form to those of a two-wire lossless line, 
(12.1.5) and (12.1.6). By analogy, the zero-mode waves travel at velocity 
0 ] 


pL. m/s (12.6.18) 
(Ly + 2L,,)(C; + 2Cr) 


and the zero-mode surge impedance ts 


IL, + 2L 
o joa Q0 12.6. 
L C, + 2C, 6 19) 


Similarly, the positive- and negative-mode velocities and surge tm- 
pedances are 


l 
p man = o/s (12.6.20) 
(L, m Lap (C, 7 C) 
, L,-L 
t= Z = yf/—— Qo 2.6.2 
£-4 = ere (12.6.21) 


These equations can be extended to more than three conductors—for 
example, to a three-phase line with shield wires or to a double-circuit three- 
phase line. Although the details are more complicated, the modal transfor- 
mation is straightforward. There ts one mode for each conductor, and each 
mode has its own Wave velocity and its own surge impedance. 

The solution of transients on multiconductor lines is best handled via 
digital computer methods, and such programs are available (9, 10]. Digital 
techniques are also available to model the following effects: 


1. Nonlinear and time-varying RLC elements [8] 


2. Lossy lines with [requency-dependent line parameters [6, 7, 12] 


POWER SYSTEM OVERVOLTAGES 


Overvoltages encountered by power system equipment are of three types: 
1. Lightning surges 
2. Switching surges 


3. Power frequency (50 or 60 Hz) overvoltages 


LIGHTNING 


Cloud-to-ground (CG) lightning is the greatest single cause of overhead 
transmission and distribution line outages. Data obtained over a 14-year 


FIGURE 12.22 


Postulation of charge 
separation within clouds 
[16] (G. B. Simpson 

and F. J. Scrase, 

“The Distribution 

of Electricity in 
Thunderclouds,” Proc. 
Royal Soc., Series A, 
161 (1937), p. 309) 
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period from electric utility companies in the United States and Canada and 
covering 25,000 miles of transmission show that CG lightning accounted for 
about 26% of outages on 230-kV circuits and about 65% of outages on 345- 
kV circuits [13]. A similar study in Britain, also over a 14-year period, cover- 
ing 50,000 faults on distribution lines shows that CG lightning accounted for 
47% of outages on circuits up to and including 33 kV [14]. 

The electrical phenomena that occur within clouds leading to a light- 
ning stnke are complex and not totally understood. Several theories [15, 16, 
17] generally agree, however, that charge separation occurs within clouds. 
Wilson [15] postulates that falling raindrops attract negative charges and 
therefore leave behind masscs of positively charged air. The falling raindrops 
bring the negative charge to the bottom of the cloud, and upward air drafts 
carry the positively charged air and ice crystals to the top of the cloud, as 
shown in Figure 12.22. Negative charges at the bottom of the cloud induce 
a positively charged region, or “shadow.” on the earth directly below the 
cloud. The electric field Jines shown in Figure 12.22 originate from the posi- 
tive charges and terminate at the negative charges. 

When voltage gradients reach the breakdown strength of the humid air 
within the cloud, typically 5 to 15 kV/cm. an ionized: path or downward 
leader moves from the cloud toward the earth. The leader progresses some- 
what randomly along an irregular path. in steps. These leader steps. about 
50 m long, move at a velocity of about 10° m/s. As a result of the opposite 
charge distribution under the cloud, another upward leader may rise to meet 
the downward leader. When tbe two leaders mcet. a lightning discharge oc- 
curs, which neutralizes the charges. 

The current involved in a CG lightning stroke typically rises to a peak 
value within | to JO us, and then diminishes to.one-half the peak within 20 to 
(00 us. The distribution of peak currents 1s shown in Figure [2.23 [20]. This 
curve represents the percentige ol strokes that exceed a given peak current. 


Height 
(km) 


12 


10 


! nim 


- = = = +++ + t+ e+ t = = = -— 


Electric 
field 
lines 


662 CHAPTER 12 TRANSMISSION LINES: TRANSIENT OPERATION 


FIGURE 12.23 


Frequency of occurrence 
of lightning currents that 
exceed a given peak 
value [20] (IEEE Guide 
for the Application 

of Metal-Oxide 

Surge Arresters for 
Alternating-Current 
Systems, IEEE std. 
C62.22-1997 

(New York: The 
Institute of Electrical 
and Electronics 
Engineers, http:// 
standards.ieec.org/1998)) 
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For example, 50% of all strokes have a peak current greater than 45 kA. In 
extreme cases, the peak current can exceed 200 kA. Also, test results indicate 
that approximately 90% of all strokes are negative. 

It has also been shown that what appears to the eye as a single flash of 
lightning is often the cumulative effect of many strokes. A typical flash con- 
sists of typically 3 to 5, and occasionally as many as 40, strokes, at intervals 
of 50 ms. 

The U.S. National Lightning Detection Network? (NLDN), owned and 
operated by Global Átmospherics, Inc., 1s a system that senses the electro- 
magnetic fields radiated by individual return strokes in CG flashes. As of 
2001, the NLDN employed more than 100 ground-based sensors geographi- 
cally distributed throughout the 48 contiguous United States. The sensors 
transmit lightning data to a network control center in Tucson, Arizona via a 
satellite communication system. Data from the remote sensors are recorded 
and processed in rea] time at the network control center to provide the time, 
location, polarity, and an estimate of the peak current 1n each return stroke. 
The real-time data are then sent back through the communications network 
for satellite broadcast dissemination to real-time users, all within 30-40 sec- 
onds of each CG lightning flash. Recorded data are also reprocessed off-line 
within a few days of acquisition and stored in a permanent database for 
access by users who do not require real-time information. NLDN's archive 
data library contains over 160 million flashes dating from 1989 [25, 
www.LightningStorm.com]. 

Figure 12.24 shows a lightning flash density contour map providing a 
representation of measured annual CG flash density detected by the NLDN 
from 1989 to 1998. As shown, average annual CG hghtning flash densities 
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FIGURE 12.24 Lightning flash density contour map showing annual CG flash densities 
(s&flashes/km"?/year) in the contiguous United States. as detected by the NLDN from 
1989 to 1998. (Courtesy of Valsala, Inc.) 


range from about 0.1 flashes/km?/year near the West Coast to more than 14 
flashes/km?/year in portions of the Florida peninsula. Figure 12.25 shows a 
high-resolution, 2 mi x 2 mi, CG flash density map in grid format. | 

Figure 12.26 shows an “asset exposure map” of all CG strikes in 1995 
in a region that contains a 15-mile 69-kV transmission line. This map pro- 
vides an indication of the level of exposure to lightning within an exposure 
area that surrounds the transmission line. By combining this data with esti- 
mates of peak stroke currents and transmission line fault records, the light- 
ning performance of the line and individual line segments can be quantified. 
Improvements in line design and line protection can also be evaluated. 

Electric utilities use real-time lightning maps to monitor the approach 
of lightning storms, estimate their severity, and then either position repair 
crews in advance of storms, call them out, or hold them over as required. 
Utilities also use real-time hghtning data together with on-line monitoring of 
circuit breakers, relays, and/or substation alarms to improve operations, min- 
imize or avert damage, and speed up the restoration of their systems. 

A typical transmission-line design goal is to have an average of less 
than 0.50 hghtning outages per year per 100 miles of transmission. For a. 
given overhead line with a specified voltage rating, the following factors af- 
fect this design goal: 
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FIGURE 12.25 


High-resolution CG 
Bash density map in grid 
format. (Courtesy of 
Valsala, Inc.) 


FIGURE 12.26 


Asset exposure map 
showing CG strikes in 
1995 in a region that 
contains a 15-mile 69-kV 
transmission line. 
(Courtesy of Valsala, 
Inc.) 
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1. Tower height 

2. Number and location of shield wires 

3. Number of standard insulator discs per phase wire 
4 


. Tower impedance and tower-to-ground impedance 


FIGURE 12.27 
Effect of shield wires 
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It is well known that lightning strikes tall objects. Thus, shorter, H-frame 
structures are less susceptible to lightning strokes than taller, lattice towers. 
Also, shorter span lengths with more towers per kilometer can reduce the 
number of strikes. | 

Shield wires installed above phase conductors can effectively shield the 
phase conductors from direct lightning strokes. Figure 12.27 illustrates the 
effect of shield wires. Experience has shown that the chance of a direct hit to 
phase conductors located within +30° arcs beneath the shield wires is reduced 
by a factor of 1000 [18]. Some lightning strokes are, therefore, expected to hit 
these overhead shield wires. When this occurs, traveling voltage and current 
waves propagate in both directions along the shield wire that is hit. When 
a wave arrives at a tower, a reflected wave returns toward the point where 
the lightning hit, and two refracted waves occur. One refracted wave moves 
along the shield wire into the next span. Since the shield wire 1s electrically. 
connected to the tower, the other refracted wave moves down the tower, its 
enérgy being harmlessly diverted to ground, 

However, if the tower impedance or tower-to-ground impedance is too 
high, IZ voltages that are produced could exceed the breakdown strength of 
the insulator discs that hold the phase wires. The number of insulator discs 
per string (see. Table 4.1) is selected to avoid insulator flashover. Also, tower 
impedances and tower footing resistances are designed to be as low as possi- 
ble. If the inherent tower construction does not give a naturally low resistance 
to ground, driven ground rods can be employed. Sometimes buried conduc- 
tors running under the line (called counterpoise) are employed. 


SWITCHING SURGES 


The magnitudes of overvoltages due to lightning surges are not significantly 
alfected by the power system voltage. On the other hand, overvoltages due to 
switching surges are directly proportional to system voltage. Consequently, 
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FIGURE 12.28 


Energizing an open- 
circuited line 
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lightning surges are less important for EHV transmission above 345 kV and 
for UHV transmission, which has improved insulation. Switching surges be- 
come the limiting factor in insulation coordination for system voltages above 
345 kV. 

One of the simplest and largest overvoltages can occur when an open- 
circuited line 1s energized, as shown in Figure 12.28. Assume that the circuit 
breaker closes at the instant the sinusoidal source voltage has a peak value 
v2 V. Assuming zero source impedance, a forward traveling voltage wave of 
magnitude V2 V occurs. When this wave arrives at the open-circuited receiv- 
ing end, where Ip = +1, the reflected voltage wave superimposed on the for- 
ward wave results in a maximum voltage of 2/2 V = 2.83 V. Even higher 
voltages can occur when a line Is reclosed after momentary interruption. 

In order to réduce overvoltages due to line energizing or reclosing, 
resistors are almost always preinserted in circuit breakers at 345 kV and 
above. Resistors ranging from 200 to 800 Q are preinserted when EHV cir- 
cuit breakers are closed, and subsequently bypassed. When a circuit breaker 
closes, the source voltage divides across the preinserted resistors and the line, 
thereby reducing the initial line voltage. When the resistors are shorted ont, a 
new transient ís initiated, but the maximum line voltage can be substantially 
reduced by careful design. 

Dangerous overvoltages can also occur during a single line-to-ground 
fault on one phase of a transmission line. When such a fault occurs, a voltage 
equal and opposite to that on the faulted phase occurs at the instant of fault 
inception. Traveling waves are initiated on both the faulted phase and, due 
to capacitive coupling, the unfaulted phases. At the line ends, reflections are 
produced and are superimposed on the normal operating voltages of the un- 
faulted phases. Kimbark and Legate [19] show that a line-to-ground fault can 
create an overvoltage on an unfaulted phase as high as 2.1 times the peak 
line-to-neutral voltage of the three-phase line. 


POWER FREQUENCY OVERVOLTAGES 


Sustained overvoltages at the fundamental power frequency (60 Hz in the 
United States) or at higher harmonic frequencies (such as 120 Hz, 180 Hz, 
and so on) occur due to load rejection, to ferroresonance, or to permanent 
faults. These overvoltages are normally of long duration, seconds to minutes, 
and are weakly damped. 


12.8 


FIGURE 12.29 


Equipment insulation 
strength 


FIGURE 12.30 


Standard impulse 
voltage waveform 


SECTION 12.8. INSULATION COORDINATION 667 





INSULATION COORDINATION 


Insulation coordination 1s the process of correlating electric equipment insula- 
tion strength with protective device characteristics so that the equipment is 
protected against expected overvoltages. The selection of equipment 1nsula- 
tion strength and the protected voltage level provided by protective devices 
depends on engineering judgment and cost. - 

As shown by the top curve in Figure 12.29, equipment insulation 
strength 1s a function of time. Equipment insulation can generally withstand 
high transient overvoltages only if they are of sufficiently short duration. 
However, determination of insulation ‘strength is somewhat complicated. 
During repeated tests with identical voltage waveforms under identical con- 
ditions, equipment insulation may fail one test and withstand another. 

For purposes of insulation testing, a standard impulse voltage wave, as 
shown in Figure 12.30, is defined. The impulse -wave shape is specified by 
giving the time 71 in microseconds for the voltage to reach its peak value and 
the time 7» for the voltage to decay to one-half its peak. One standard wave 
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TABLE 12.1 


Standard and reduced 
basic insulation levels 


[18] 


is a 1.2 x 50 wave, which rises to a peak value at 7; = 1.2 us and decays to 
one-half its peak at T? = 50 ys. 

Basic insulation level or BIL 1s defined as the peak value of the standard 
impulse voltage wave in Figure 12.30. Standard BILs adopted by the IEEE 
are shown in Table 12.1. Equipment conforming to these BILs must be capa- 
ble of withstanding repeated applications of the standard waveform of posi- 
tive or negative polarity without insulation failure. Also, these standard BILs 
apply to equipment regardless of how it 1s grounded. For nominal system 


. voltages 115 kV and above, solidly grounded equipment with the reduced 


BILs shown in the table have been used. 

BILs are often expressed in per-unit, where the base voltage is the maxi- 
mum value of nominal line-to-ground system voltage. Consider for example 
a 345-kV system, for which the maximum value of nominal line-to-ground 
voltage is v2(345/4/3) = 281.7 kV. The 1550-kV standard BIL shown in 
Table 12.1 is then (1550/281.7) = 5.5 per unit. 

Note that overhead-transmission-line insulation, which is external insu- 
lation, is usually self-restoring. When a transmission-line insulator string 
flashes over, a short circuit occurs. After circuit breakers open to-deenergize 
the line, the insulation of the string usually recovers, and the line can be rap- 
idly reenergized. However, transformer insulation, which is internal, is not 


Nominal System Voltage Standard BIL Reduced BIL* 
kVrms kV kV 
1.2 45 
2.5 60 
5.0 75 
8.7 | 95 
15 110 
23 150 
34.5 200 
46 250 
69 350 
92 450 
115 550 450 
138 650 550 
161 750 650 
` 196 900 750 
230 1050 825—900 
287 - 1300 1000-1100 
345 1550 1175-1300 
500 : 1300-1800 
765 1675-2300 


* For solidly grounded systems 

These BILs are based on 1.2 x 50 ps voltage waveforms. They apply to intemal (or non-self- 
restoring) insulation such as transformer insulation, as well as to external (or self-restoring) 
insulation, such as transmtssion-line insulation, on a statistical basis. 

(Westinghouse Electric Corporation, Elecuical Transmission and Distribution Reference Book, 
4th ed, (East Pittsburgh, PA: 1964).)) 


FIGURE 12.3] 


Single-line diagram of 
equipment and 
protective device 
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Incoming line 






Protective 


device Equipment 


self-restoring. When transformer insulation fails, the transformer must be re- 
moved for repair or replaced. 

To protect equipment such as a transformer against overvoltages higher 
than its BIL, a protective device, such as that shown in Figure 12.31, is em- 
ployed. Such protective devices are generally connected in parallel with the 
equipment from each phase to ground. As shown in Figure 12.29, the func- 
tion of the protective device is to maintain its voltage at a ceiling voltage 
below the BIL of the equipment it protects. The difference between the 
equipment breakdown voltage and the protective device ceiling voltage is the 
protection margin. 

Protective devices should satisfy the following four criteria: 


1. Provide a high or infinite impedance during normal system voltages, 
to minimize steady-state losses. 


2. Provide a low impedance during surges, to limit voltage. 
3. Dissipate or store the energy in the surge without damage to itself. 
4. Return to open-circuit conditions after the passage of a surge. 


One of the simplest protective devices is the rod gap, two metal rods 
with a fixed air gap, which is designed to spark over at specified overvoltages. 
Although it satisfies the first two protective device criteria, it dissipates very 
little energy and it cannot clear itself after arcing over. 

A surge arrester, consisting of an air gap in series with a nonlinear sili- 
con carbide resistor, satisfies all four criteria. The gap eliminates losses at 
normal voltages and arcs over during overvoltages. The resistor has the pro- 
perty that its resistance decreases sharply as the current through 1t increases, 
thereby limiting the voltage across the resistor to a specified ceiling. The re- 
sistor also dissipates the energy in the surge. Finally, following the passage of 
a surge, various forms of arc control quench the arc within the gap and re- 
store the surge arrester to normal open-circuit conditions. 

The “gapless” surge arrester, consisting of a nonlinear metal oxide re- 
sistor with no air gap, also satisfies all four criteria. At normal voltages the 
resistance is extremely high, limiting steady-state currents to microamperes 
and steady-state losses to a few watts. During surges, the resistance sharply 
decreases, thereby limiting overvoltage while dissipating surge energy. After 
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EXAMPLE 12.8 
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the surge passes, the resistance naturally returns to its original high value. One 
advantage of the gapless arrester 1s that tts ceiling voltage is closer to its nor- 
mal operating voltage than ts the conventional arrester, thus permitting re- 
duced BILs and potential savings in the capital cost of equipment insulation. 

There are four classes of surge arresters: station, intermediate, distribu- 
tion, and secondary. Station arresters, which have the heaviest construction. 
are designed for the greatest range of ratings and have the best protective 
characteristics. Intermediate arresters, which have moderate construction, are 
designed for systems with nominal voltages 138 kV and below. Distribution 
arresters are employed with lower-voltage transformers and lines, where there 
is a need for economy. Secondary arresters are used for nominal system volt- 
ages below 1000 V. A summary of the protective characteristics of station- 
and intermediate-class metal-oxide surge arresters is given in Table 12.2 (20]. 
This summary is based on manufacturers' catalog information. 

Note that arrester currents due to lightning surges are generally less 
than the lightning currents shown in Figure 12.23. In the case of direct 
strokes to transmission-line phase conductors, traveling waves are set up in 
two directions from the point of the stroke. Flashover of line insulation 
diverts part of the hghtning current from the arrester. Only in the case of a 
direct stroke to a phase conductor very near an arrester, where no line flash- 
over occurs, does the arrester discharge the full hghtning current. The prob- 
ability of this occurrence can be significantly reduced by using overhead 
shield wires to shield transmission lines and substations. Recommended prac- 
tice for substations with unshielded lines is to select an arrester discharge 
current of at least 20 kA (even higher if the tsokeraunic level ts above 40 
thunderstorm days per year). For substations with shielded lines, lower ar- 
rester discharge currents, from 5 to 20 kA, have been found satisfactory in 
most situations [20]. 


Metal-oxide surge arrester selection 


Consider the selection of a station-class metal-oxide surge arrester for a 345- 
kV system in which the maximum 60-Hz voltage under normal system con- 
ditions is 1.04 per unit. (a) Select a station-class arrester from Table 12.2 with 
a maximum continuous operating voltage (MCOV) rating that exceeds the 
1.04 per-unit maximum 60-Hz voltage of the system under norma] system 
conditions. (b) For the selected arrester, determine the protective margin for 
equipment in tbe system with a 1300-kV BIL, based on a 10-kA impulse cur- 
rent wave cresting in 0.5 us. 


SOLUTION (a) The maximum 60 Hz line-to-neutfal voltage under normal 
system conditions is 1.04(345//3) = 207 kV. From Table 12.2, select a 
station-class surge arrester with a 209-kV MCOV. This 1s the lowest MCOV 
rating that exceeds the 207 kV providing the greatest protective margin as 
well as economy. (b) From Table 12.2 for the selected surge arrester, the 
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PROBLEMS 


12.1 


12.2 


12.3 


12.4 


12.5 
12.6 


12.7 


maximum discharge voltage for a 10-kA impulse current wave cresting in 
0.5 us ranges from 2.19 to 2.36 in per-unit of MCOV, or 457-493 kV, 
depending on arrester manufacturer. Therefore, the protective margin ranges 
from (1300 — 493) = 807 kV to (1300 — 457) = 843 kV. E 


When selecting a metal-oxide surge arrester, it is important that the ar- 
rester MCOV exceeds the maximum 60-Hz system voltage (line-to-neutral) 
under normal conditions. In addition to considerations affecting the selection 
of arrester MCOV, metal-oxide surge arresters should also. be selected to 
withstand temporary overvoltages in the system at the arrester location— 
for example, the voltage rise on unfaulted phases during line-to-ground 
faults. That is, the temporary overvoltage (TOV) capability of metal-oxide 
surge arresters should not be exceeded. Additional considerations in the 
selection of metaJ-oxide surge arresters are discussed in reference [22] (see 
www .cooperpower.com). . 


SECTION 12.2 


From the results of Example 12.2, plot the voltage and current profiles along the line 
at times 7/2, t, and 2r. That is, plot »(x, 7/2) and i(x, 7/2) versus x for 0 € x < /; then 
plot v(x, T), (x, z), v(x, 21), and i(x, 21) versus x. 


Rework Example 12.2 if the source voltage at the sending end is a ramp, egli) = 
Eu_2(t) = Etu (1), with Za = Ze. 


Referring to the single-phase two-wire lossless line shown in Figure 12.3, the receiving 
end is terminated by an inductor with Lg henries. The source voltage at the sending 
end is a step, eg{t) = Eu (t) with Zo = Z.. Both the line and inductor are initially 
unenergized. Determine and plot the voltage at the center of the line v(//2,7) versus 
ume f. ` 


Rework Problem 12.3 if Zp = Z, at the receiving end and the source voltage at the 
sending end is eg(é) = Ew_;(t), with an inductive source impedance Zg(s) = sLa. 
Both the line and source inductor are initially unenergized. 


Rework Example 12.4 with Zp = 4Z, and Zo = Z,/3. 


The single-phase, two-wire lossless line in Figure 12.3 has a series inductance 
L = (1/3) x 1075 H/m, a shunt capacitance C = (1/3) x 107? F/m, and a 30-km line 
length. The source voltage at the sending end is a step eg(t) = 100. 1(f) kV with 
Za(s) = 100 €), The receiving-end load consists of a 100-O resistor in parallel with a 
2-mH inductor. The line and load are initially unenergized. Determine (a) the charac- 
teristic impedance in ohms, the wave velocity in m/s, and the transit time in ms for 
this line; (b) the sending-and receiving-end voltage reflection coefficients in per-unit; 
(c) the Laplace transform of the recerving-end current, Ze(s); and (d) the receiving-end 
current ig (4) as a function of time. 


The single-phase, two-wire lossless line in Figure 12.3 has a series inductance 
L —2x 1076 H/m, a shunt capacitance C = 1.25 x 107!! F/m, and a 100-km line: 


12.8 


12.9 


12.10 


12.11 


12.12 


12.13 


FIGURE 12.32 


Circuit for Problem 
12.13 
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length. The source voltage at the sending end is a step ec(r) = 100u_,(t) kV with a 
source impedance equal to the characteristic impedance of the line. The receiving-end 
load consists of a 100-mH inductor in series with a |-pF capacitor. The line and load 
are initially unenergized. Determine (a) the characteristic impedance in £2, the wave 
velocity in m/s, and the transit time in ms for this line; (b) the sending- and receiving- 
end voltage reflection coefficients in per-unit; (c) the receiving-end voltage vg(t) as a 
function of time; and (d) the steady-state receiving-end voltage. 


The single-phase, two-wire lossless line in Figure 12.3 has a series inductance 
L.— 0.999 x 1075 H/m, a shunt capacitance C = 1.112 x 107!! F/m, and a 60-km line 
length. The source voltage at the sending end is a ramp eg(f) = Etu, (t) = Eu. 5 (1) 
kV with a source impedance equal to the characteristic impedance of the line. The 
receiving-end load consists of a 150-Q resistor in parallel with a l-uF capacitor. The 
line and load are initially unenergized. Determine (a) the characteristic impedance in 
Q, the wave velocity in m/s, and the transit time in ms for this line; (b) the sending- 
and receiving-end voltage reflection coefficients in per-unit; (c) the Laplace transform 
of the sending-end voltage, Vs(s); and (d) the sending-end voltage vs(7) as a function 
of time. 


SECTION 12.3 


Draw the Bewley lattice diagram for Problem 12.5, and plot »(//3, £) versus time t for 
0 x r € 5r. Also plot v(x, 3r) versus x for 0 x x < /. 


Rework Problem 12.9 if the source voltage is a pulse of magnitude E and duration 
1/10; that is, eg(t) = Efu- (t) — uw) {t — 1/10}. Zp = 4Z, and Zo = Z,/3 are the 
same as in Problem 12.9. 


Rework Example 12.6 if the source impedance at the sending end of line A is 
Zo = Za/4 = 100 Q, and the receiving end of line B is short-circuited, Zp = 0. 


Rework Example 12.6 if the overhead line and cable are interchanged. That is, 
Za = 1009, v4 22x 108 m/s, /4 =20 km, Zg = 400 Q, vg = 3 x 108 m/s, and 
Ig = 30 km. The step voltage source eg(t) = Eu_;(t) is applied to the sending end of 
line A with ZG = Za = 100 Q, and Zp = 2Zg = 800 © at the receiving end. Draw the 
lattice diagram for 0 <2 < 0.6 ms and plot the junction voltage versus time !. 


As shown in Figure 12.32, a single-phase two-wire lossless line with Z, = 400 Q, 
y = 3 x 10? m/s, and / = 100 km has a 400-Q resistor, denoted Ry, installed across the 
center of the line, thereby dividing the line into two sections, A and B. The source 
voltage at the sending end 1s a pulse of magnitude 100 V and duration 0.1 ms. The 
source impedance is Zo = Z; —400 Q, and the receiving end of the line is short- 





Line section A Line section 8 
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12.14 


12.15 


12.16 


FIGURE 12.33 


Circuit for Problem 
12.16 


E = 100 kV 


circuited. (a) Show that for an tncident voltage wave arriving at the center of the line 
from either line section, the voltage reflection and refraction coefficients are given by 


Leq Zea 
m | IL 





[pp = laa = Gy A —— Lan = IgA = 747 —— 
(3) +] m +] 
ve Le 
where 
RyZ. | 
Lea = R; 4 Z, 


. (b) Draw the Bewley lattice diagram for 0 <1 < 6r. (c) Plot c(//2. 1) versus time ¢ for 


0 € < 6r and plot v(x, 6z) versus x forO x <1. 


The junction of four single-phase two-wire lossless lines, denoted A, B, C, and D, is 
shown in Figure 12.13. Consider a voltage wave vj arriving at the junction from line 
A. Using (12.3.8) and (12.3.9), determine the voltage reflection coefficient Taa and the 
voltage refraction coefficients IgA, I'cA, and pa. 


Referring to Figure 12.3, the source voltage at the sending end is a step ec (r) = Eu- (t) 
with an inductive source impedance ZgG (s) = sLo, whereLg/Z, = 1/3. At the receiving 
end, Zp = Z,/4. The line and source inductance are jnitially unenergized. (a) Draw 
the Bewley lattice diagram for 0 <r < 5r. (b) Plot v(7, t) versus ume ¢ for 0 < / S St. 


As shown in Figure 12.33, two identical, single-phase, two-wire, lossless lines are con- 
nected in parallel at both the sending and receiving ends. Each line has a 400-Q char- 
acterislic impedance, 3 x 105 m/s velocity of propagation, and 100-km line length. 
The source voltage at the sending end is a 100-kV step with source impedance 
Zo = 100 Q. The receiving end is shorted (Zp = 0). Both lines-are initially un- 
energized. (a) Determine the first forward traveling voltage waves that start at time 
1 = 0 and travel on each line toward the receiving end. (b) Determine the sending- and 
receiving-end voltage reflection coefficients in per-unit. (c) Draw the Bewley lattice di- 
agram for 0 < t < 2.0 ms. (d) Plot the voltage at the center of one line versus time ? 
for «c 24: ms. ` 


A= 100 





12.17 


FIGURE 12.34 


Circuit for Problem 
12.17 


12.18 


12.19 


12.20 
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As shown in Figure 12.34, an ideal current source consisting of a 10-kA pulse with 50- 
us duration is applied to the Junction of a single-phase, lossless cable and a single- 
phase, lossless overhead line. The cable has a 200-Q characteristic impedance, 2 x 105 
m/s velocity of propagation, and 20-km length. The overhead line has a 300-Q char- 
acteristic impedance, 3 x 10* m/s velocity of propagation, and 60-km length. The 
sending end of the cable is terminated by a 400-Q resistor, and the receiving end of the 
overhead line is terminated by a 100-Q resistor. Both the line and cable are initially 
unenergized. (a) Determine the voltage reflection coefficients Us, Ir, Taa, Tas, Dna, 
and Ig. (b) Draw the Bewley lattice diagram for 0 < £ < 0.8 ms. (c) Determine and 
plot the voltage v(0, 7) at x = 0 versus time t for 0 < t < 0.8 ms. 


Cable Overhead line 


1000 


v22x108 m/s 


v =3x 10? m/s 





LU 


10 kA 


tius) 


SECTION 12.4 


For the circuit given in Problem 12.3, replace the circuit elements by their discrete- 
time equivalent circuits and write nodal equations in a form suitable for computer so- 
lution of the sending-end and receiving-end voltages. Give equations for all dependent 
sources. Assume E = 1000 V, Lg = 10 mH, Z, = 100 Q, v = 2 x 10? m/s, 7 = 40 km, 
and At — 0.02 ms. 


Repeat Problem 12.18 for the circuit.given in Problem 12.13. Assume Az = 0.03333 
ms. 


For the circuit given in Problem 12.7, replace the circuit elements by their discrete- 
time equivalent circuits. Use At = 100 us = 1 x 107* s. Determine and show all resis- 
tance values on the discrete-time circuit. Write nodal equations for the discrete-time 
circuit, giving equations for all dependent sources. Then solve the nodal equations and 
determine the sending- and receiving-end voltages at the following times: t = 100, 200, 
300, 400, 500, and 600 ps. 
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12.21 


12.22 


12.23 


12.24 


For the circuit given in Problem 12.8, replace the circuit elements by their discrete- 
time equivalent circuits. Use At = 50 ps = 5 x 107? s and E = 100 kV. Determine and 
show all resistance values on the discrete-time circuit. Write nodal equations for the 
discrete-time circuit, giving equations for all dependent sources. Then solve the nodal 
equations and determine the sending- and receiving-end voltages at the following 
times: ¢ = 50, 100, 150, 200, 250, and 300 us. 


SECTION 12.5 


Rework Problem 12.18 for a lossy line with a constant series resistance R = 0.3 Q/km. 
Lump half of the total resistance at each end of the line. 


SECTION 12.8 


Repeat Example 12.8 for a 115-kV system with a 1.08 per-unit maximum 60-Hz volt- 
age under normal operating conditions and with a 450-kV BIL. 


Select a station-class metal-oxide surge arrester from Table 12.2 for the high-voltage 
side.of a three-phase 400 MVA, 345-kV Y/13.8-kV A transformer. The maximum 60- 
Hz operating voltage of the transformer under normal operating conditions is 1.10 
per unit, The high-voltage windings of the transformer have a BIL of 1300 kV and a 
solidly grounded neutral. A minimum protective margin of 1.4 per unit based on a 
10-kA impulse current wave cresting in 0.5 us is required. (Note: Additional consid- 
erations for the selection of metal-oxide surge arresters are given in reference [22] 
(www.cooperpower.com). i 


CASE STUDY QUESTIONS 





A. Why are circuit breakers and fuses ineffective in protecting against transient over- 
voltages due to lightning and switching surges? 

B. Where are surge arresters located in power systems? 

C. How does one select a surge arrester to protect specific equipment? 
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1300- MW generating unu 
consisting of a cross- 
compound steam turbine and 
two 722-MVA synchronous 
generators ( Courtesy of 
American Electric Power) 








TRANSIENT STABILITY 


Power system stability refers to the ability of synchronous machines to 
move from one steady-state operating point following a disturbance to an- 
other steady-state operating point, without losing synchronism [1]. There are 
three types of power system stability: steady-state, transient, and dynamic. 

Steady-state stability, discussed in Chapter 5, involves slow or gradual 
changes in operating points. Steady-state stability studies, which are usually 
performed with a power-flow computer program (Chapter 6), ensure that 
phase angles across transmission lines are not too large, that bus voltages are 
close to nominal] values, and that generators, transmission lines, transformers, 
and other equipment are not overloaded. 

Transient stability, the main focus of this chapter, involves major dis- 
turbances such as Joss of generation, line-switching operations, faults, and 
sudden load changes. Following a disturbance, synchronous machine fre- 
quencies undergo transient deviations from synchronous m neis (60 Hz), 
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FIGURE 13.1 


Mechanical analog of 
power system transient 
stability [2] (O. I. Elgerd, 
Electric Energy Systems 
Theory, 2d. Ed. Page 457 
Figure 12.6 (New York: 
McGraw-Hill, 1982)) 





and machine power angles change. The objective of a transient stability study 
is to determine whether or not the machines will return to synchronous fre- 
quency with new steady-state power angles. Changes in power flows and bus 
voltages are also of concern. ; 

Elgerd [2] gives an interesting mechanical analogy to the power system 
transient stability program. As shown in Figure 13.1, a number of masses 
representing synchronous machines are interconnected by a network of elastic 
strings representing transmission lines. Assume that this network is initially at 
rest in steady-staté, with the net force on each string below its break point, 
when one of the strings is cut, representing the loss of a transmission line. As 
a result, the masses undergo transient oscillations and the forces on the 
strings fluctuate. The system will then either settle down to a new steady-state 
operating point with a new set of string forces, or additional strings will break, 
resulting in an even weaker network and eventual system collapse. That is, 
for a given disturbance, the system is either transiently stable or unstable. 

In today's large-scale power systems with many synchronous machines 
interconnected by complicated transmission networks, transient stability 
studies are best performed with a digital computer program. For a specified 
disturbance, the program alternately solves, step by step, algebraic power- 
flow equations representing a network and nonlinear differential equations 
representing synchronous machines. Both predisturbance, disturbance, and 
postdisturbance computations are performed. The program output includes 
power angles and frequencies of synchronous machines, bus voltages, and 
power flows versus time. 

In many cases, transient stability is determined during the first swing 
of machine power angles following a disturbance. During the first swing, 
which typically lasts about | second, the mechanical output power and the 
internal voltage of a generating unit are often assumed constant, However, 
where multiswings lasting several seconds are of concern, models of turbine- 
governors and excitation systems (for example, see Figures 11.3 and 11.5) as 
well as more detailed machine models can be employed to obtain accurate 
transient stability results over the longer time period. 

Dynamic stability involves an even longer time period, typically several 
minutes. It is possible for controls to affect dynamic stability even though 
transient stability is maintained. The action of turbine-governors, excitation 
systems, tap-changing transformers, and controls from a power system dis- 
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patch center can interact to stabilize or destabilize a power svstem several 


minutes after a disturbance has occurred. 
To simplify transient stability studies, the following assumptions are 


made: 


1. Only balanced three-phase systems and balanced disturbances are 
considered. Therefore, only positive-sequence networks are employed. 


2. Deviations of machine frequencies from svnchronous frequency (60 
Hz) are small. and dc offset currents and harmonics are neglected. 
Therefore, the network of transmission lines, transformers. and im- 
pedance loads is essentially in steady-state: and voltages. currents, 
and powers can be computed from algebraic power-flow equations. 


In Section 13.1 we introduce the swing equation, which determines syn- 
chronous machine rotor dynamics. In Section 13.2 we give a simplified model 
of a synchronous machine and a Thévenin equivalent of a system consisting 
of lines, transformers, loads, and other machines. Then in Section 13.3 we 
present the equal-area criterion; this gives a direct method for determining 
the transient stability of one machine connected to a system equivalent. We 
discuss numerical mtegration techniques for solving swing equations step by 
step in Section 13.4 and use them in Section 13.5 to determine multimachine 
stability. Finally, Section 13.6 discusses design methods for improving power 


system transient stability. 


CASE STUDY 


One of the challenges to the operation of a large, interconnected power system is to 


insure that the generators will remain in synchronism with one another following a large 
system disturbance such as the loss of a large generator or transmission line. Traditionally, 
such a stability assessment has been done by engineers performing lots of off-line studies 
using a variety of assumed system operating conditions. But the actual system operating 
point never exactly matches the assumed system conditions. The following article 
discusses a newer method for doing such an assessment in near real-time using the actual 
system operating conditions [13]. 


Real-Time Dynamic Security Assessment 


ROBERT SCHAINKER. PETER MILLER. WADAD 
DUBBELDAY. PETER HIRSCH, AND GUORUI 
ZHANG 


The electrical grid changes constantly with genera- 
: tion plants coming online or off-line as required to 


(“Real-Time Dynamic Security Assessment" by R. Schainker, 
P Miller, W Dubbelday, P. Hirsch, and G. Zhang, IEEE Power 
ond Energy, (March/April 2006), pg. 51—58.) 


meet diurnal electrical demand, and with transmis- 
sion lines coming online or off-line due to trans- 
mission outage events or according to maintenance 
schedules. In state-of-the-art electric utility control 
centers (illustrative example shown in Figure |), grid 
Operators use energy management systems (EMSs) 
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Figure | 
lllustrative example of a state-of-the-art electric grid 
energy management system. ` 


to perform network and load monitoring, perform 
necessary grid control actions, and to manage grid 
power flows within its terroritory or region of re- 
sponsibility. 

Limits to flows and voltages on the transmission 
system are assigned on the basis of transmission line 
thermal limits and/or off-line studies of voltage and 
transient dynamic stability. Power flow limits for 
each transmission line determined in these off-line 
studies are, by design, conservative, since system 
operators must always maintain the security and 
economic operation of their power system over a 
wide range of operating conditions. Also, the as- 
sumption that the grid power flows settle down to 
steady-state condition is reexamined in real time as 
the transmission grid conditions change in real time. 

Dynamic security assessment (DSA) software 
analyses allow for the study of the transient and dy- 
namic responses to a large number of potential sys- 
tem disturbances (contingencies) in a transient time 
frame, which is normally up to about lO s after a 
disturbance/outage. Currently, these analyses are 
performed off line since the simulation process 
takes hours of computer time to complete for a 
typically large grid network, which must be simu- 
lated for each condition of a large set of al! possible 
outage conditions that could occur. The current, 
long simulation time makes DSA calculations im- 
practical for use in a real-time application, wherein 
an operator would need to perform real-world 


control actions within tens of minutes after a real- 
world outage to be sure that the grid will not go 
into an unstable voltage instability and/or a cascading 
blackout condition. 

Therefore, if the DSA calculation could be com- 
pleted in less than about }0 min, operators who 
control the grid during emergency conditions (ter- 
rorist induced or "nature" induced) can indeed have 
sufficient time to take appropriate corrective or 
preventive control actions to handle the identified 
critial events, which may cause grid instability, or 
cause cascading outages that would severely impact 
their utility grid region or their neighboring utility 
regions, which would potentially avert billion dollar 
expenses associated with regional blackouts. 

The work that lead up to this article was moti- 
vated by the attempt to dramatically reduce the 
time for DSA calculations so that DSA analyses can 
be converted from off-line studies to routine, online 
use in order to aid grid operators in their real-time 
controller analyses. The large amount of time for 
DSA calculations occurs because grid transients for 
a large grid network must be calculated over about 
a tO s time interval and properly represent a large 
interconnected power system network system, 
which must properly represent detailed static and/ 
or dynamic models of power system components, 
such as transmission network solid-state flexible ac 
transmission system devices, all types of generators, 
power system stabilizers, various types of relays/ 
protection systems, load models, and various types 
of faults or disturbances. | 

This article describes the methods and successful 
results obtaíned in developing a real-time version of 
the DSA tool. The material below is organized by 
first providing a description of the DSA software 
package generally used by the U.S. electric utility 
industry. Then discussed is a way to dramatically 
reduce the computation time to perform DSA cal- 
culations, which, among other useful techniques, 
uses a new distributed computational architecture. 
The results from applying this new version of DSA 
are then presented using a large utility system as an 
example. The results clearly show that, indeed, using 
the new DSA approach, calculations for a large 
power system can be performed fast enough for the 


real-time application to EMSs that operate today’s 
grid systems. The article then ends with some in- 
sights and concluding remarks. 


DYNAMIC SECURITY ASSESSMENT (DSA) 


DSA software performs simulations of the impact of 
potential electric grid fault conditions for a preset 
time frame after a potential grid disturbance, usually 
over a time interval of 5—10 s after an outage con- 
tingency condítion occurs. Contingency conditions 
studied include "normal" transmission line and/or 
power plant outages caused by acts of nature or 
equipment (e.g., outages due to lightning and/or gen- 
erator "trips"), wear and tear (for example, equip- 
ment age failures), and outage conditions caused 
by human error and/or potential terrorist-induced 
equipment failures. 

Recent efforts by the authors of this article have 
focused on improving the performance of the DSA 
calculation process with the eventual goal of im- 
plementing the DSA evaluation process in an online 
utility energy management system (EMS). Past DSA 
research projects have resulted in significant ach- 
levements in determining which outage contingency 
conditions are significant and not significant by rap- 
idly separating the outage contingencies into “defi- 
nitely safe" and “potentially harmful" groups. The 
“potentially harmful” group must be studied in more 
detail to accurately determine whether a “poten- 
tially harmful” contingency is in fact harmful. 


DYNAMIC SECURITY ASSESSMENT MODELS 


The DSA program uses a complete representation 
_of all the generators (for example, fossil, nuclear, 
gas, oil, hydro, and wind generators) including their 
exciters, governors and stabilizers, transmission 
lines and many other linear and nonlinear compo- 
nents. For example, nonlinear devices embedded 
into DSA software include such items as: 


_ I) synchronous machines 
2) induction motors 
3) static VAR compensators 
4) thyristor-controlled series compensations 
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5) thyristor-controlled tap changers and/or phase 
regulators 

6) thyristor-controlled braking resistors or brak- 
ing capacitors 

7) static load models (nonlinear loads) 

8) high-voltage dc link 

9) user-defined models, as appropriate. 


In addition, DSA software models different types 
of electric grid protection relays: 


I) load shedding relay 

2) underfrequency load shedding relay 

3) voltage difference load dropping relay 

4) underfrequency generation rejection relay 
5) underfrequency line tripping relay 

6) impedance/default distance relay 

7) series capacitor gap relay 

8) rate of change of power relay. 


Also modeled within the DSA software are static 
nonlinear load models, which are different from 
constant impedance load models. 

DSA also models the following four types of 
static nonlinear loads: 


I) constant current load 

2) constant mega-voltage-ampere load 

3) general exponential voltage and frequency- 
dependent load 

4) thermostatically controlled load. 


Additionally, DSA models each transmission line 
as a network impedance model with capacitance, 
inductance, and resistance. Each line also has ther- 
mal line rating limits. In addition, tap- and phase- 
shifting transformers are modeled. 

Contingencies for DSA are defined in terms of 
the fault type, location, duration, and sequence of 
events making up a contingency scenario. Typical 
short-circuit faults are three-phase faults, single- 
line-to-ground and/or double-line-to-ground short- 
circuit faults. Automatic switching actions taken into 
account in the computation simulation are line re- 
moval or line closure into the grid network. The 
location of the short-circuit fault can be at the elec- 
trical bus, line end, or line section. 
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DSA ALGORITHM 


The solution to all these devices operating in an 
electric grid requires solving a large set of differ- 
ential equations. For a 5,000-node network with 
300 generators, over [4,000 nonlinear differential 
equauions must be simultaneously solved. DSA uses 
a numerical analysis method to solve these nonlinear 
differential equations. The numerical method uses a 
small time step of about 0.0! s, and at each time 
step, the method linearizes the equations to calcu- 
late the future time response. A classic Newton- 
Rahpson iteration approach is incorporated into the 
numerical method, and for a I0-s simulation, 1,000 
such time steps are used. 

The solution for a conventional transient stability 
program can take considerable time to solve for 
one contingency and even longer for multiple con- 
tingencies. Typically, for a 5,000-node network in 
which 300 contingencies are investigated, a 30-s 
transient stability simulation may take over two 
hours of calculation time, dependent on the type of 
computer used in the calculation. 

One would need over 100-fold improvement in 
DSA simulation time performance to be able to do 
this calculation in about 10 min or less. 

Based on these requirements, some of the signif- 
icant ways for improving the DSA performance de- 
ployed by the authors herein are described below. 


I) An improved stopping (called early termina- 
tion) criteria when evaluating each contin- 
gency is used to reduce the overall time each 
contingency is simulated. That is, if the pro- 
gram simulation is for 10 s and after a short 


time duration, say less than 2 s of simulation . 


time, it can be determined that the contin- 
gency case being investigated is unstable or 
stable, then the DSA program evaluating that 
contingency is stopped, and a flag is set to 
unstable or stable for the contingency case 
being investigated. If no stable/unstable deter- 
mination can be made, then the DSA program 
for that contingency case runs the full [O-s 
simulation time period specified. Using this 
technique, the DSA program does not have to 
be run to completion for every contingency. 


It is run to completion only for those con- 
tingencies that are moderately stable or mod- 
erately unstable. - 

2) A novel distributed computing architecture 
(see Figure 2) was also used to improve the 
time it takes to perform the numerous con- 
tingency cases investigated. In general, there 
are two ways of performing distributed com- 
putation, and both were investigated. One 
is to parallelize the DSA algorithm and its 
calculation approach, using central processing 
units (CPUs) in parallel to perform the calcu- 
lations. This will improve the performance 
somewhat, but due to the sparse nature 
of the differential equation matrices involved, 
this improvement has been found to be not 
very useful. A better technique is to run the 
full DSA software application on each of n 
computers (set up to communicate with each 
other) and distribute the contingencies (so 
each computer runs a different set of con- 
tingencies). The master computer distributes 
the contingencies to each of the slave/server 
computers as needed. Of course, this will 
work as long as the number of contingencies 
is equal, or exceeds the number of com- 
puters, which is certainly the case. Full dis- 
tribuced computation is thus achieved and 
the only slow down is due to the use of one 
master computer to orchestrate/distribute 
the contingencies to the other computers and 
receive/catalogue the solution results from 
the other computers as the results become 
available. 


Using the above methods, and others, the authors 
developed a new DSA computation architecture and 
approach, which did improve the computation time 


by a factor of about 100+, based on the following 


improvement components: an improvement factor 
of about 2, due to not havíng to move data among 
computers and hard disk storage locations, an im- 
provement factor of about 3 by using the "stopping" 
criteria discussed above, an improvement factor of 
about 4 by using five computers in the distributed 
computer architecture discussed above, and an im- 
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A schematic of the distributed computer architecture used to improve the DSA computation time. 


provement factor of about 6 due to faster CPUS 
used to perform the calculations, as compared to 
those used circa 2000. 


DSA INPUT DATA 
The DSA input dara consist of three sets of data: 


* the power flow data, which contain all the 
transmission line configurations, tap-changing 
transformers, phaseshifting transformers, load 
representation, electric breaker information, 
relay information, and the type and location of 
the generation plants 
The dynamic data, which contain various types 
of generator models, including the generator 
exciter models, governor models, power sys- 
tem stabilizers, the exciter models, governor 
models, power system stabilizers, basic genera- 
tor parameters (along with their limits and time 
constants), load models, and protection relay 
models 
* The contingency data, which include the vari- 
ous types of faults, including the type, location, 


duration, and clearance of the faults and the 
switching actions after faults are cleared. 


DSA OUTPUT DATA 


The DSA program produces output results for each 
contingency and for each generator. The results are 
data and information on ítems such as the relative 
generator angle, the speed of the generator, and the 
voltage at each generator. This output is temporarily 
saved on the computer running the contingency and 
is then transferred to the master computer at the 
end of the contingency run. On the master com- 
puter, time-dependent plots for each contingency of 
the top three worst grid node response cases are 
made available to the user. 

Figure 3 was produced using the DSA improve- 
ment methods described above. On the vertical axis 
of this figure is the computer run time needed to 
perform a DSA calculation for a utility grid system 
that has 5,839 electric buses, 11,680 transmission 
lines, and 779 generators. .The computation time 
needed to run this large, representative utility test 
case with only the master computer and then, 
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Figure 3 
The DSA computation time performance, with and 
without early termination method. 


sequentially, with one, two, three, four, and the 
available portion of the master computer used as a 
“fifth” slave computer. Each point on the plots 
in the figure show the time required to do all the 
DSA calculations. Comparison data were plotted for 
cases where the number of contingencies was [5 
and 51. Also, for comparison purposes, data were 
plotted for cases where the early termination logic 
was used for each contingency case computed and 
for when.no early termination logic was used for 
each contingency case computed. The results were 
impressive showing a significant improvement in 
computing time. For the test case with 5| con- 
tingencies, the computing time ranged from 125 s 
(using only one computer) down to 35 s using all 
five computers (i.e., the master and the four slave 
computers). This set of runs showed an improve- 
ment factor of about 3.6 in computing time. For the 
test case with |5 contingencies, the computer run 
time ranged from 35 s (using only one computer) 
down to |0.3 s using all five computers (i.e, the 
master and the four slave computers). This set of 
runs showed an improvement factor of about 3.4 in 
computer run time. These results clearly show the 
power of the master-slave computer architecture 
developed and successfully investigated and tested. 


A number of DSA algorithm improvements were 
also investigated. The most effective one inves- 
tigated was the "early termination" method. Sample 
results are also shown in Figure 3. Using the early 
termination method and comparing it to the "no 
early termination" method, for the test case with 
5] contingencies, the computer run time improved 
from 125 s to 33 s (using only one computer) and 
from 35 s to [0 s (using all five computers, i.e., the 
master and the four slave computers). This set of 
runs showed about an improvement factor of 3.8 
to 3.5 in computer run time. For the test case with 
15 contingencies, the computer run time improved 
from 35 s to |l s (using only one computer) and 
from [2 s to 5 s (using all five computers—i.e., the 
master and the four slave computers). This set of 
runs showed an improvement factor of about 3.2 to 
2.4 in computer run time. These results also clearly 
show the power of the master-slave computer ar- 
chitecture system developed and successfully tested. 


DSA GRAPHICAL OUTPUT DISPLAYS 


The DSA program provides several graphical output 
displays to show the following types of.output re- 
sults (some of which are illustrated in Figures 4-7): 


* [argest generator speed angles, for both stable 
and unstable contingency cases 

* highest frequencies, for both stable and unsta- 
ble contingency cases. 


CONCLUSIONS 


Using the distributed computer architecture for 
DSA calculations, grid operators can now quickly 
analyze a large number of system contingency out- 
age events. Thus, they can evaluate the appropriate 
preventive or corrective control actions to effec- 
tively handle various severe system disturbances or 
even mitigate costly cascading blackouts, events that 
are either inítiated by nature or terrorist induced. 
Online dynamic security analysis (DSA) requires 
extensive computer resources, particularly for large 
electric power systems. With the recent advances in 
computer technology and the intra- and interenter- 
prise communication networking, it now becomes 
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The DSA output plot for the largest generator swing angle for a stable contingency case. 
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Figure 6 


DSA output plot for largest generator speeds for an unstable case. 
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Figure 7 


DSA output plot for largest generator speed display for stable case. 


cost-effective and possible to apply distributed com- 
puting to online DSA in order to meet real-time 
performance requirements needed in the electric 
utility industry. 

Thus, the major conclusions of the work pre- 
sented herein are: 


The distributed computing architecture to per- 
form the dynamic. security.assessment (DSA) 
analysis of a large interconnected power system 
with a large number of contingencies has been 
demonstrated to be extremely fast. As such, 
this computerized approach should -be im- 
plemented for real-time decision-making con- 
ditions, which are faced by utility and grid 
operators when any unplanned outage condi- 
tion occurs that might lead to system instability 
or even cascading blackout conditions. 

The distributed computer approach developed 
was tested successfully with five computers in a 
master-slave arrangement that is scalable to any 
number of extra slave computers. 

The dynamic security analysis (DSA) using dis- 
tributed computing can be fully integrated with 
utility operator EMSs using real-time operating 
conditions and grid State Estimation estimators. 
The dynamic security analysis (DSA) using dis- 
tributed computing can also be used for per- 
forming operational planning studies for large 
power systems. 

The dynamic security analysis (DSA) using the 
distributed computing technology presented 
herein used the Oracle 9i relational database 
and its related software. This enables flexible 
software integration with a wide variety of IT 
infrastructure systems currently used by many 
electric utilities and/or grid operators. 

The proposed approach can be used to better 
utilize existing computer resources and com- 
munication networks of'electric utilities. This 
will significantly improve the performance of 
DSA computations electric utilities perform 
routinely. 

The performance of the DSA approach pre- 
sented herein is also fast enough for the real- 
time calculation of the interface transfer limits 
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using real-time operating conditions for large 
interconnected power systems. 
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In the United States, electric utilities grew first as isolated systems. Gradually, however, 


neighboring utilices began to interconnect, which allowed utility companies to draw on 
each others' generation reserves during time of need and to schedule power transfers that 
take advantage of energy-cost differences. Although overall system reliability and economy 
have improved dramatically through interconnection, there is a remote possibility that an 
initial disturbance may lead to instability and a regional blackout. The following article 
reviews the Augusc 14, 2003 blackout that occurred in the northeastern United States and 


Canada [9, 10]. 


Causes of the 14 August Blackout 


On |4 August 2003, large portions of the mid-west 
and northeast United States and Ontario, Canada, 
experienced an electric power blackout affecting an 
estimated: 50 million people in eight US states and 
the Canadian province of Ontario. Power was not 
restored for two days in some parts of the US, while 
parts of Ontario suffered rolling blackouts for more 
than a week. The joint US-Canada Power System 
Outage Task Force was established to investigate 
the causes of the blackout and ways to reduce the 
possibility of future outages. 

The resulting document (of which this is an 
edited version) provides an interim report, present- 
ing the facts found by the bi-national investigation. 


("Causes of the 14 August Blackout", IEEE Power and Energy 
Magazine, (June 2004), pg. 30-37.) 


THE SYSTEM AND ITS RELIABILITY 
ORGANIZATIONS 


The North American power grid represents more 
than US$ trillion in asset value, more than 200,000 
miles of transmission lines operating at 230,000 
volts and greater, 950,000 megawatts of generating 
capability, and nearly 3500 utility organizations serv- 
ing well over 100 million customers and 283 million 
people. 

While the power system in ‘North America is 
commonly referred to as 'the grid', chere are actu- 
ally chree distinct power grids or ‘interconnections’. 
Within each interconnection, electricity is produced 
the instant it is used and flows over virtually all 
transmission lines from generators to loads. Only the 
northeastern portion of the Eastern Interconnection 
was affected by the 14 August blackout. 


PLANNING AND RELIABLE OPERATION 


Reliable operation of the power grid is complex and 
demanding for two fundamental reasons. First, elec- 
tricity flows at the speed of light and is not eco- 
nomically storable in large quantities. Second, the 
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flow of alternating current (AC) electricity cannot 
be controlled like a liquid or gas by opening or 
closing a valve in a pipe, or switched like calls over a 
long-distance telephone network. Electricity flows 
freely along all available paths from the generators 
to the loads in accordance with the laws of physics, 
Maintaining reliability is a complex enterprise that 
requires trained and skilled operators, sophisticated 
computers and communications, and careful planning 
and design. The North American Electric Reliability 
Council (NERC) and its I0 Regional Reliability 
Councils have developed system operating and 
planning standards for ensuring the reliability of a 
transmission grid, based on seven key concepts. 


Balance power generation and demand 
continuously 

To enable customers to use as much electricity as 
they wish at any moment, production by the gen- 
erators must be scheduled or 'dispatched' to meet 
constantly changing demands. Demand is somewhat 
predictable, appearing as a daily demand curve, 
but failure to match generation to demand causes 
the frequency of an AC power system to increase 
(when generation exceeds demand) or decrease 
(when generation is less than demand). Large devia- 
tions in frequency can cause the rotational speed of 
generators.to fluctuate, leading to vibrations that 
can damage generator turbine blades and other 
equipment. Extreme low frequencies can trigger 
automatic under-frequency ‘load shedding’, which 
takes blocks of customers off-line in order to pre- 
vent a total collapse of the electric system. 


Balance reactive bower supply and demand to 
maintain scheduled voltages 

Reactive power sources, such as capacitor banks 
and generators, must be adjusted during the day to 
maintain voltages within a secure range pertaining to 
all system electrical equipment (stations, transmis- 
sion lines, and customer equipment). Most genera- 
tors have automatic voltage regulators. Low voltage 
can cause electric system instability or collapse and, 
at distribution, can cause damage to motors and the 
failure of electronic equipment. High voltages can 
exceed the insulation capabilities of equipment and 
cause dangerous electric arcs (‘flashovers’). 
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Monitor flows over transmission lines and other 
facilities to ensure that thermal (heating) limits 

are not exceeded 

All lines, transformers and other equipment carrying 
electricity are heated by the flow of electricity, so 
frequency flow must be limited to avoid overheating 
and subsequent damage. In the case of overhead 
power lines, heating also causes the metal conduc- 
tor to stretch or expand and sag closer co ground 
level. Conductor heating is also affected by ambient 
temperature, wind and other factors. Flow on 
overhead lines must be limited to ensure the line 
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doesn't sag into obstructions below or violate the 
minimum safety clearances between the energized 
lines and other objects (a flashover can then occur). 
All current-carrying devices are monitored con- 
tinuously to ensure that they do not become 
overloaded or violate other operating constraints, 
typically using multiple ratings. 


Keep the system in a stable condition 

Because the electric system is interconnected and 
dynamic, electrical stability limits must be observed. 
Thé main concern is to ensure that generation dis- 
patch and the resulting power flows and voltages are 
such that the system is stable at all times. There are 
two types of stability limits: voltage stability limits 
are set to ensure that the loss of a line or generator 
won't cause voltages to fall to dangerously low 
levels. Power (angle) stability limits are set to ensure 
that a short circuit or a loss of a line, transformer or 
generator won't cause the remaining generators and 
loads being served to lose synchronism with one 
another. 


Operate the system so that it remains in a 
reliable condition even if a contingency occurs, 
such as the loss of a key generator or 
transmission facility 

Because a generator or line trip can occur at any 
time from random failure, the power system must 
be operated in a preventive mode so that the loss of 
the most important generator or transmission facil- 
ity does not jeopardize the remaining facilities in the 
system by causing them to exceed their emergency 
ratings or stability limits, which could lead to a cas- 
cading outage. Further, when a contingency does 
occur, the operators are required to identify and 
assess immediately the new worst contingencies, 
and make any adjustments to ensure the system 
would still remain operational and safe. 

NERC operating policy requires that the system 
be restored within no more than 30 minutes to 
compliance with normal limits, and to a condition 
where it can once again withstand the next-worst 
single contingency without violating thermal, voltage 
or stability limits. A few areas of the grid are oper- 
ated to withstand the concurrent loss of two or 
more facilities (i.e. 'IN-2"). 


PLAN, DESIGN, AND MAINTAIN THE 
SYSTEM TO OPERATE RELIABLY 


A utility that serves retail customers must esti- 
mate future loads and, in some cases, arrange for 
adequate sources of supplies and plan adequate 
transmission and distribution infrastructure. NERC 
planning standards identify a range of possible con- 
tingencies and set corresponding expectations for 
system performance under several categories of 
possible events. 


Prepare for emergencies 

Even after taking the above steps, emergencies 
can still occur because of external factors (severe 
weather, operator error, equipment failures, etc.) 
that exceed planning, design or operating criteria. 
Operators must have emergency procedures cov- 
ering a range of scenarios. To deal with a system 
emergency that results in a blackout, there must 
be procedures and capabilities to use ‘black start’ 
generators (capable of restarting with no external 
power source) and to coordinate operations in or- 
der to restore the system as quickly as possible to a 
normal and reliable condition. 


THE CAUSES. OF THE BLACKOUT 


The [4 August 2003 blackout was initiated by co- 
inciding deficiencies in specific practices, equipment 
and human decisions. There were three groups of 
Causes: 


Inadequate situational awareness at FirstEnergy 
Corporation (FE) i 
For example: 


* |t failed to ensure the security of its transmis- 
sion system after significant unforeseen con- 
tingencies by not routinely using an effective 
contingency analysis capability. 

* |t lacked procedures to ensure that its oper- 
ators were continually aware of the functional 
state of their critical monitoring tools. 


FE failed to adequately manage tree growth in 
its transmission rights-of-way. This failure was the 
common cause of the outage of three FE 345 kV 
transmission lines. 
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Failure of the interconnected gríd's reliability 
organizations to provide effective diagnostic support 
For example: ` 


* MISO's reliability coordinators were using non- 
real-time data to support real-time 'flowgate' 
monitoring. This prevented it from detecting an 
N-I security violation in FE's system and from 
assisung FE in refief actions. 

MISO lacked an effective means of identifying 
the location and significance of transmission 
line breaker operations reported by their En- 
ergy Management System (EMS). 


é 


WHY DOES A BLACKOUT CASCADE? 


Major blackouts are rare, and no two scenarios are ` 
the same with varying initiating events (human ac- 
tions or inactions, system topology. load/generation 
balances, etc.) and other factors (distance between 
generating stations and load centers, voltage pro- 
files, etc). Most wide-area blackouts start with 
short circuits (faults) on several transmission lines in 
short succession, sometimes resulting from natural 
causes or, as on 14 August, from inadequate tree 
management in right-of-way areas. A fault causes a 
high current and low voltage on the line containing 
the fault. This is detected by a protective relay, 
which quickly trips the circuit breakers to isolate 
that line from the rest of the system. Cascade oc- 
curs when there is a sequential tripping of numer- 
ous transmission lines and generators in a widening 
geographic area. A cascade can be triggered by just a 
few initiating events, as was seen on 14 August. 
Power swings and voltage fluctuations caused by 
these initial events can cause other lines to detect 
high currents and low voltages that appear to be 
faults, even when faults do not actually exist on 
those other lines. Generators are tripped off during 
a cascade to protect them from ‘severe power and 
voltage swings. Relay protection systems work well 
to protect lines and generators from damage and to 
isolate them from the system under normal, steady 
conditions. However, when power system operating 
and design criteria are violated as a result of several 
concurrent outages, most common protective re- 
lays cannot distinguish between the currents and 
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voltages seen in a system cascade from those caused 
by a fault. This leads to more and more lines and 
generators being tripped, widening the blackout area. 


HOW DID THE CASCADE EVOLVE ON I4 
AUGUST? 


At 16:05:57 EDT, the trip and lock-out of FE’s 
Sammis-Star 345 kV line set off a cascade of inter- 
ruptions on the high voltage system, causing elec- 
trical fluctuations and facility trips. Within seven 
minutes, the blackout rippled across much of the 
northeast US and Canada. By [6:13 EDT, more than 
263 power plants (531 individual generating units) 
had been lost, and 10 s of millions of people in the 
US and Canada were without electricity. 

The collapse of FE’s transmission system induced 
unplanned power surges across the region. Shortly 
before the collapse, large electricity flows were 
moving across FE’s system from the south to 
northern Ohio, eastern Michigan, and Ontario, This 
pathway in northeastern Ohio became unavailable 
with the collapse of FE’s transmission system and 
the electricity took alternative paths to the load 
centers on the shore of Lake Erie. Power surged in 
from western Ohio and Indiana on one side and 
from Pennsylvania through New York and Ontario 
around the northern side of Lake Erie. Some trans- 
mission lines in these areas, already heavily loaded 
with normal flows, began to crip. 


WHY THE BLACKOUT STOPPED WHERE IT- 


DID 


Extreme system conditions can damage equipment 
in several ways, from melting aluminum conductors 
(excessive currents) to breaking turbine blades ona 
generator (frequency excursions). The power sys- 
tem is designed to ensure that if conditions on the 
grid threaten the safe operation of the transmission 
lines, transformers or power plants, the threatened 
equipment automatically separates from the net- 
work to protect itself. Relays are the devices that 
effect this protection. Generators are usually the 
most expensive units on an electrical system, so 
system protection schemes are designed to drop 
a power plant off the systern as a self-protective 


measure if grid conditions become unacceptable. 
When ‘unstable power swings develop between a 
group of generators that are losing synchronization 
(matching frequency) with the rest of the system, 
to stop the flows, and thus the oscillations, all in- 
terconnections or ties between the unstable gen- 
erators and the system must be separated. The 
most common method is for the transmission sys- 
tem to detect the power swings and trip at those 
locations—ideally before the swing reaches and 
harms the generator. 

On 14 August, the cascade became a race be- 
tween the power surges and the relays. The lines 
that tripped first were generally the longer lines, 
because the relay settings required to protect these 
lines use a longer apparent impedance tripping 
zone, which a power swing enters sooner than on 
shorter, networked lines. 


VOLTAGE COLLAPSE 


Although the blackout of 14 August has been labeled 
as a voltage collapse, this was not the case. Voltage 
collapse typically occurs on power systems that are 
heavily loaded, faulted (reducing the number of 
available paths for power to flow to loads), or have 
reactive power shortages. A classic voltage collapse 
occurs when an electricity system experiences a 
disturbance that causes a progressive and uncon- 
trollable decline in voltage. 

On |4 August, the northern Ohio electricity 
system did not experience a classic voltage collapse 
because low voltage never became the primary 
cause of line and generator tripping. Although volt- 
age was a factor in some of the events that led to 
the ultimate cascading of the system in Ohio and 
beyond, the event was not a classic reactive power- 
driven voltage collapse. 


COMMON OR SIMILAR FACTORS AMONG 
MAJOR OUTAGES 


Among those common or similar to major outages 
and to the [4 August blackout are: 


* Conductor contact with trees 
* Underestimation of dynamic reactive output of 
system generators 
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- Inability to visualize events on the entire system 

* Failure to ensure that system operation was 
within safe limits 

- Lack of coordination on system protection 

* Ineffective communication 

Lack of 'safety nets' 

* Inadequate training of operating personnel 


CONDUCTOR CONTACT WITH TREES 


This factor was an initiating trigger in several of 
the outages and a contributing factor in the severity 
of several more. Unlike lightning strikes, for which 
system operators have fair storm-tracking tools, sys- 
tem operators generally do not have direct knowl- 
edge that a line has contacted a tree and faulted. 
They will sometimes test the line by trying to re- 
store it to service, if that is deemed to be a safe 
operation. Even if it does go back into service, the 
line may fault and trip out again as load heats it up. 
Lines usually sag into right-of-way obstructions when 
the need to retain transmission interconnection is 
significant. High inductive load composition, such as 
air conditioning or irrigation pumping, accompantes 
hot weather and places higher burdens on trans- 
mission lines. 


DYNAMIC REACTIVE OUTPUT OF 
GENERATORS 


Reactive supply is an important ingredient in main- 
taining healthy power system voltages and facilitating 
power transfers. Inadequate reactive supply was a 
factor in most of the events. Shunt capacitors and 
generating resources are the most significant 
suppliers of reactive power. Operators perform 
contingency analysis based on how power system 
elements will perform under various power system 
conditions. They determine and set transfer limits 
based on these analyses. Modeling the dynamic re- 
active output of generators under stressed system 
conditions has proven to be more challenging. If the 
model is incorrect, estimating transfer limits will 
also be incorrect. In most of the events, the as- 
sumed contribution of dynamic reactive output of 
System generators was greater than the generators 
actually produced, resulting in more significant volt- 
age problerns. 


SYSTEM VISIBILITY PROCEDURES AND 
OPERATOR TOOLS 


Each control area operates as part of a single syn- 
chronous interconnection. However, the parties 
with various geographic or functional responsibilities 
for reliable operation of the grid do not have visi- 
bility of the entire system. Events in neighboring 
systems may not be visible to an operator or relia- 
bility coordinator, or power system .data may be 
available in a control center but not be presented to 
operators or coordinators as information they can 
use in making appropriate operating decisions. 


SYSTEM OPERATION WITHIN SAFE LIMITS 


In several of the events, operators were unaware of 
the vulnerability of the system to the next contin- 
gency. The reasons were varied: inaccurate model- 
ing for simulation, no visibility of the loss of key 
transmission elements, no operator monitoring of 
stability measures (reactive reserve monitor, power 
transfer angle), and no reassessment of system con- 
ditions following the loss of an element and read- 
justment of safe limits. 


EFFECTIVENESS OF COMMUNICATIONS 


Under normal conditions, parties with reliability re- 
sponsibility need to communicate important and pri- 
oritized information to each other in a timely way. 
This is especially important in emergencies, during 
which operators should be relieved of duties unre- 
lated to preserving the grid. A common factor in sev- 
eral of the outage events was that information from 
one system was not provided to neighboring ones. 


NEED FOR SAFETY NETS 


A safety net is a protective scheme that activates 
automatically if a pre-specified, significant contin- 
gency occurs. Such schemes can prevent some dis- 
turbances from getting out of control and involve 
actions such as shedding load, dropping generation 
or islanding. If a safety net had not been taken out of 
service in the west in August 1996, it would have 
lessened the severity of the disturbance from 28,000 
MWY of load lost to less than 7200 MW. However, 
safety nets should not be relied upon to establish 
transfer limits. 
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13.1 
THE SWING EQUATION . 


Consider a-generating unit consisting of a three-phase synchronous generator 
and its prime mover. The rotor motion is determined by Newton's second 
law, given by 


IoC) = Ta -T(t = To (13.1.1) 
where J = total moment of inertia of the rotating masses, kgm" 
un = rotor angular acceleration, rad/s” 


T,, = mechanical torque supplied by the prime mover minus the 
retarding torque due to mechanical losses, Nm 


T, — electrical torque that accounts for the total three-phase electrical 
power output of the generator, plus electrical losses, Nm 


T, — net accelerating torque, Nm 
Also, the rotor angular acceleration is given by 


deo,(t) d7,,(t) 





aL) RE I e E (13.123 
in tate (13.1.3) 


where @m = rotor angular velocity, rad/s 
0, = rotor angular position with respect to a stationary axis, rad 


T, and T, are. positive for generator operation. In steady-state T,, 
equals T,, the accelerating torque T, is zero, and, from (13.1.1), the rotor ac- 
celeration Xm 1s zero, resulting in a constant rotor velocity called synchronous 
speed. When T,, is greater than T, T, is positive and g, 1s therefore positive. 
resulting in increasing rotor speed. Similarly, when T, is less than T,. the 
rotor speed is decreasing. 

It is convenient to measure the rotor angular position with respect to a 
synchronously rotating reference axis instead of a stationary axis. Accord- 
ingly, we define 


Ot) = Owsynf + b(t) (13.1.4) 
Where @nsyn = Synchronous angular velocity of the rotor, rad/s 


6 = rotor angular position with respect to a synchronously 
rotating reference, rad 


Using (13.1.2) and (13.1.4), (13.1.1) becomes 


: d?0,,(t) d*ó, (1) 
= = -T(= lat 








a w 
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It is also convenient to work with power rather than torque, and to 
_work in per-unit rather than in actual units. Accordingly, we multiply (13.1.5) 
by c(t) and divide by Sratea, the three-phase voltampere rating of the gener- 





ator: 
. Jow(t) dOn) | o (0) TA — On OT) - 
S rated di © ws Srated 
= py) — pelt) 


S = Pmp.u.{t) — Pept) = Papa (b) (13.1.6) 
rated 


where Pmp.u. = mechanical power supplied by the prime mover minus 
mechanical losses, per unit 


Pep.u. = electrical power output of the generator plus electrical losses, 
per unit 


Finally, it is convenient to work with a normalized inertia constant, 
called the H constant, which 1s defined as 


stored kinetic energy at synchronous speed 


H = 
generator voltampere rating 
I Jo? | | 3 
2 msyn : ; 
= __———__ joules/VA or per unit-seconds (13.1.7) 
rated 


The H constant has the advantage that it falls within a fairly narrow range, 
normally between | and 10 p.u.-s, whereas J varies widely, depending on 
generating unit size and type. Solving (13.1.7) for J and using in (13.1.6), 


2H Om (t) d?ó,. (1) 


es, 2 
, Omsyn' at 








= Dnpu. (t) E Paus (d) = Papu.(t) (13. l 8) 
Defining per-unit rotor angular velocity, 


t 
E N (13.1.9) 
CÓ msyn i 
Equation (13.1.8) becomes 


2H dOnt 
opa (i) mt = Pmpu.(f) — Pepu.(t) = Dap.u. (1) (13.1.10) 





CO msyn 


For a synchronous generator with P poles, the electrical angular accel- 
eration a, electrical radian frequency c, and power angle 6 are 


a(t) =F amt | | (E3T.11) 
w(t) = oni) (13.1.12) 
P 


à()) = o. (0 | (13.1.13) 
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Similarly, the synchronous electrical radian frequency is 


P 








Osyn = 7 Pinsyn (13.1.14) 
The per-unit electrical frequency IS 
2 iat | 
í P ml 
Wsu. (f) Metti tyi uU) (13.1.15) 
Osyn ` 2 CO imsyn 
P CO syn 
Therefore, using (13.1.13-13.1.15); (13/1.10) can be written as 
2H d?ó(t | 
a Pelt) UN = Pp. (1) — Pep. (2) = Pap.u. (t) (13.1 .16) 


Frequently (13.1.16) is modified to also include a term that represents a 
damping torque anytime the generator deviates from its synchronous speed, 
with its value proportional to the speed deviation 


2H [ossis (APS) / (dr?) 
= Pmpu.(t) — Pep. (f) — D/cosya(dó(t)/(dt)) 
= Papa. (4) | (ED 


where D 1s either zero or a relatively small positive number with typical 
values between 0 and 2. The units of D are per unit power divided by per unit 
speed deviation. 

Equation (13.1.17), called the per-unit swing equation, is the fundamen- 
tal equation that determines rotor dynamics in transient stability studies. 
Note that it is nonlinear due to pep (1), which is shown in Section 13.2 to be 
a nonlinear function of ó. Equation (13.1.17) is also nonlinear due to the 
C p.v. (f) term. However, in practice the rotor speed does not vary significantly 
from synchronous speed during transients. That is, Wpu(t) = 1.0, which is 
often assumed in (13.1.17) for hand calculations. 

Equation (13.1.17) is a second-order differential equation that can be 
rewritten as two first-order differential equations. Differentiating (13.1.4), and 
then using (13.1.3) and (13.1.12)-(13.1.14), we obtain 


dó(t) 
dt 
Using (13.1.18) in (13.1.17), 


= w(t) — Wsyn | (13.1.18) 


2H dot dó(t 
oss (0) a = p, (0) — Peps (0) — D/eoayn pa (0) 
| (13.1.19) 





syn 


Equations (13.1.18) and (13.1.19) are two first-order differential equations. 
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EXAMPLE 13.1 Generator per-unit swing equation and power angle 


during a short circuit 


A three-phase, 60-Hz, 500-MVA, 15-kV, 32-pole hydroelectric generating 
unit has an H constant of 2.0 p.u.-s and D = 0. (a) Determine wy, and 
@msyn: (b) Give the per-umt swing equation for this unit. (c) The unit is ini- 
tally operating at pj, = Pepu. = 1.0, €) = Wsyn, and ô = 10° when a three- 
phase-to-ground bolted short circuit at the generator terminals causes p,,, to 
drop to zero for t > 0. Determine the power angle 3 cycles after the short cir- 
cuit commences. Assume p,,,,, remains constant at 1,0 per unit. Also assume 


Op. (f) = 1.0 in the swing equation. 


SOLUTION 
a. For a 60-Hz generator, 


Wsyy = 2260 = 377 rad/s 
and, from (13.1.14), with P = 32 poles, 


2 2 | 


b. From (13.1.16), with H = 2.0 p.u.-s, 


4 d'òlt) _ 
2569 Qr (P) Z x Pinp.u. (1) — Pepu.(t) 


c. The initial power angle 1S 
ó(0) = 10° 20.1745 radian 
Also, from (13.1.17), at = 0, 


dó(0) 
dt 
Using Pypu(t) 7.1.0, Pepu, — 0, and cy, (f) = 1.0, the swing equation 
from (b) is | 


4 Nd?ó(t) | 


Integrating twice and using the above initial conditions, 


Ó 27260 
A - (tte 


= 0 


dt 4 
6 
ó(t) = (= t? + 0.1745 
3 cycles 


= 0,05 second, 


At t= les = 
| i mm 60 cycles/second | 
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ó(0.05) = e 05)? + 0.1745 


= 0.2923 radian = 16.75? E 


EXAMPLE 13.2 Equivalent swing equation: two generating units 


A power plant has two three-phase, 60-Hz generating units with the follow- 
ing ratings: 


Unit 1: 500 MVA, 15 kV, 0.85 power factor, 32 poles, H; = 2.0 p.u.-s, 


D=0 
Unit 2: 300 MVA, 15 kV, 0.90 power factor, 16 poles, Hz = 2.5 p.u.-s, 
D=0 


(a) Give the per-unit swing equation of each unit on a 100-MVA system base. 
(b) If the units are assumed to "swing together," that is, ô (7) = d2(t), com- 
bine the two swing equations into one equivalent swing equation. 


SOLUTION 

a. If the per-unit powers on the right-hand side of the swing equation are 
converted to the system base, then the H constant on the left-hand side 
must also be converted. That is, ~ 





S 
Anew m Hod 
Converting Hı from its 500-MVA rating to the 100-MVA system base, 


per unit 


S 500 
Hinew = Hioid E (2. 0) (7) = 10 p.u.-s 


Similarly, converting Ho, 


300 


Honew = == (2. 5) E 


) =7.5 p.u.s 


The per-unit swing equations on the system base are then 











2Hinew i (1 dô (t) _ 20.0 " a?ó (1) 
ss s d? 2a60 "^ gp 
= Pmipu.(t) — pep. (f£) 
2Honew d'ó,(t) 15.0 d^óy(1) 
@ syn Opu.) dt? 2m 3760 CO2p.u. (t ) d? = Pm2p.u. (£) — Pe2p.u. | 


b. Letüng: 
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Òlt) = å (t) = ós(t) 


)= 
Wpu.(t) = Giga (f) = apu (1) 
)= 


( 
Pmpu.(t) = Portp.u.(Z) + Porpu.(t) 
Pepu.(t) = Petpu.(t) + Pop. (2) 

and adding the above swing equations 


ZUETInes + Pores) d?ó(r) 
Ü)syn Op] d? - 


35.0 d-6(t) 
= 5566 2PC) TX. Pmpa. (t) — — Pepu. (4 t) 


When transient stability studies involving large-scale power systems 
with many generating units are performed with a digital computer, com- 
putation time can be reduce by combining the swing equations of those 
units that swing together. Such units, which are called coherent machines, 
usually are connected to the same bus or are electrically close, and they are 
usually remote from network disturbances under study. E 





13.2 


SIMPLIFIED SYNCHRONOUS MACHINE MODEL 
AND SYSTEM EQUIVALENTS 


Figure 13.2 shows a simplified mode] of a synchronous machine, called the 
classical model, that can be used ın transient stability studies. As shown, the 
synchronous machine is represented by a constant internal voltage E' behind 
its direct axis transient reactance X}. This model is based on the following 
assumptions: 


1. The machine 1s operating under balanced three-phase positive- 
sequence conditions. 


2. Machine excitation 1s constant. 


3. Machine losses, saturation, and saliency are neglected. 


FIGURE 13.2 


Simplified synchronous 
machine model for xs 
transient stability studies jXa 


Vi 
} 





(a) Circuit diagram (b) Phasor diagram 
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FIGURE 13.3 D. Xea = (X, + X) 
X —- X 
Synchronous generator Xa ^ $ 
connected to a system + 





equivalent + 








Synchronous System 
generator equivalent 


In transient stability programs, more detailed models can be used to represent 
exciters, losses, saturation, and saliency. However, the simplified model re- 
duces model complexity while maintaining reasonable accuracy in stability 
calculations. | 

Each generator in the model is connected to a system consisting of | 
transmission lines, transformers, loads, and other machines. To a first 
approximation the system can be represented by an "infinite bus" behind a 
system reactance. Án infinite bus is an ideal voltage source that maintains 
constant voltage magnitude, constant phase, and constant frequency. 

Figure 13.3 shows a synchronous generator connected to a system 
equivalent. The voltage magnitude Vy,, and 0° phase of the infinite bus are 
constant. The phase angle à of the internal machine voltage is the machine 
power angle wtth respect to the infinite bus. 

The equivalent reactance between the machine internal voltage and the 
infinite bus is Xea = (X + X). From (6.7.3). the real power delivered by the 
synchronous generator to the infinite bus is 


E'V Sen, 
=- sind (13.2.1) 
eq 
During transient disturbances both E’ and Vy, are considered constant in 
(13.2.1). Thus p, is a sinusoidal function of the machine power angle ò. 


e 


EXAMPLE 13.3 Generator internal voltage and real power output versus power angle 


Figure 13.4 shows a single-line diagram of a three-phase, 60-Hz synchronous 
generator, connected through a transformer and parallel transmission lines 
to an infinite bus. All reactances are given in per-unit on a common system 
base. If the infinite. bus receives 1.0 per unit real power at 0.95 p.f. lagging, 
determine (a) the internal voltage of the generator. and (b) the equation for 
the electrical power delivered by the generator versus its power angle à. 


SOLUTION 


a. The equivalent circuit 1s shown in Figure 13.5. from which the equivalent 
reactance between the machine internal voltage and infinite bus is 
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FIGURE 13.4 







Single-line diagram for 
Example 13.3 


FIGURE 13.5 Equivalent circuit for Example 13.3 


Keg = X4 + Xrr + XlX + X23) 
= 0.30 + 0.10 + 0.20[[(0.10 + 0.20) 
= 0.520 per unit 
The current into the infinite bus is 
ONE /-cos (p.f.) = € 0.95 
Miss Det) (1.0)(0.95) 
= 1.05263/—18.195? per unit 
and the machine internal voltage 1s 
E' = E'[ó = Vous + JXeql 
= ].0/0° + (70.520)(1.05263/—18.195°) 
= 1.0/0° + 0.54737/71.805° 
= 1.1709 + 70.5200 
= 1.2812/23.946° per unit 
b. From (13.2.1), | 


— (1.2812)(1.0) 


pm 0.520 sin ó = 2.4638 sin ô per unit [ 


13.3 


FIGURE 13.6 


p, and py, versus 6 
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THE EQUAL-AREA CRITERION 


Consider a synchronous generating unit connected through a reactance to 
an infinite bus. Plots of electrical power p, and mechanical power p,, versus 
power angle 6 are shown in Figure 13.6. p, is a sinusoidal function of ô, as 
given by (13.2.1). 

Suppose the unit is initially operating in steady-state at pe = Pm = Pmod 
and ô = ĝo, when a step change in p,, from pmo to py occurs at t = 0. Due to 
rotor inertia, the rotor position cannot change instantaneously. That 1s, 
Ôn (07) =6,,(07); therefore, 6(0*) = 6(0~) = 69 and p,(0*) = p,(0 ). Since 
Pm(O*) = pyr is greater than p.(0*), the acceleration power p,(0*) is positive 
and, from (13.1.16), (d?0)/(dt?)(0*) is positive. The rotor accelerates and 6 
increases. When 6 reaches 61, p, = Pn and (d?6)/(di^) becomes zero. How- 
ever, dó/dt is still positive and 6 continues to increase, overshooting its final 
steady-state operating point. When ô is greater than ôi, Pm is less than pe, Pa 
1s negative, and the rotor decelerates. Eventually, ó reaches a maximum value 
ó» and then swings back toward à;. Using (13.1.16), which has no damping, ô 
would continually oscillate around 6;. However, damping due to mechanical 
and electrical losses causes 6 to stabilize at its final steady-state operating 
point ó1. Note that if the power angle exceeded 63, then p,, would exceed p, 
and the rotor would accelerate again, causing a further increase in ó and loss 
of stabiltty. 

One method for determining stability and maximum power angle is to 
solve the nonlinear swing equation via numerical integration techniques using 
a digital computer. We describe this method, which is applicable to multi- 
machine systems, in Section 13.4. However, there is also a direct method for 


p a 
(per unit} 





Prax 
Do = Pmax SiN 6 
rá e 


5 
8) 6, & T & m (radians) 
5 
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determining stability that does not involve solving the swing equation: this 
method is applicable for one. machine connected to an infinite bus or for two 
machines. We describe the method. called the egual-area criterion. in this 
section. 
| In Figure 13.6. p,, 1s greater than p, during the interval dg < ô < ài, and 
the rotor is accelerating. The shaded area A; between the p,, and p, curves 1s 
called the accelerating area. During the interval 04 < Ò < à». Pm is less than 
pe. the rotor is decelerating. and the shaded area A» ts the decelerating area. 
At both the imitial value ò = 09 and the maximum value à = à». dò/dt = Q. 
The equal-area criterion states that Ay = Ao. p 

To derive the equal-area criterion for one machine connected to an infi- 
nite bus. assume pu (1r) = I in (13.1.16), giving 


2H dò 


c 
Dan df 





= Pmp T Pepu. (13:5. | ) 


Multiplying by dó/dt and using 


d Vdó T " do\ (do 
dt di| 7 \di dt> 


(13.3.1) becomes 

















2H dN (dd H d [dà] dd 
SERA deside em Lol E e cd es. 13.3.2 
(syn os) tj Oyn df E | Pama. — Peps.) di 
Multiplying (13.3.2) by dr and integrating from do to ð, 
H f°? [ado : à i 
U= — Pnu dà 
(UR l. C EH NC Pp p. T" ac 
Or 
H [dor P? 2 i ] 
B = T repu lò ee ae: 
Owyn E Ou |, Onn i ü ) P 


The above integration begins at 6g where do/dt = 0. and continues to 
an arbitrary 6. When ò reaches its maximum value. denoted 62, dd/dr again 
equals zero. Therefore, the left-hand side of (13.3.3) equals zero for 6 = 0; 
and 


Ds 
| (Dagar Pepu.) dd = 0 (13:34) 
Jou 


Separating this integral into positive (accelerating) and negative (decel- 
erating) areas. we arrive ai the equal-area criterion 


EXAMPLE 13.4 


FIGURE 13.7 


p-ó plot for Example 


13.4 
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Ói 64 
nn NR 
0 


ó à, 
Or 
ôr by 
l. (Pinp.u. ~ Pepu.) dò = | (Pepu. — Pmp.u.) dô (13.3.5) 
At A» 


In practice, sudden changes in mechanical power usually do not occur, 
since the time constants associated with prime mover dynamics are on the 
order of seconds. However, stability phenomena similar to that described 
above can also occur from sudden changes in electrical power, due to system 
faults and line switching. The following three examples are illustrative. 


Equal-area críterion: transient stability during a three-phase fault 


The synchronous generator shown in Figure 13.4 is initially operating in the 
steady-state condition given in Example 13.3, when a temporary three-phase- 
to-ground bolted short circuit occurs on line 1-3 at bus 1, shown as point F 
in Figure 13.4. Three cycles later the fault extinguishes by itself. Due to: a 
relay misoperation, all circuit breakers remain closed. Determine whether 
stability is or is not maintained and determine the maximum power angle. 
The inertia constant of the generating unit is 3.0 per unit-seconds on the sys- 
tem base. Assume pm remains constant throughout the disturbance. Also as- 
sume (p.v. (7) = 1.0 in the swing equation. 


SOLUTION Plots of p, and pm versus ô are shown in Figure 13.7. From Ex- 
ample 13.3 tbe initial operating point is p,(0 ) — p,, — 1.0 per unit and 
ó(0*) = (07) = dp = 23.95? = 0.4179 radian. At t= 0, when the short cir- 
cuit occurs, p, instantaneously drops to zero and remains at zero during the 


p (per unit) 





Pmax = 2.4638 
p. = 2.4638 sin à 





6 
(radians) 


by 5, 2; 2 4 T 
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fault since power cannot be transferred past faulted bus 1. From (13.1.16), 
with cy, (£/) = 1.0, 


2H delt) 
^d? — Pmpu. 0 < t < 0.05 S 





COsyn 


Integrating twice with initial condition 6(0) = óy and —— sat E. 


do(t) E syn Pmp.u. 


di oy S 
syn Pmp.u. 2 
= ——————_ } 
ó(1) AH + do | 


At t = 3 cycles = 0.05 second, 


5, = ó(0.05 s) = AT M (0.05)? + - 0.4179 


= 0.4964 radian = 28.44° 


The accelerating area Aj, shaded in Figure 13.7, is 
by by 
Àj; = | Pm dó = | 1.0dó = (0| — 69) = 0.4964 — 0.4179 = 0.0785 
Oo dg 


At t= 0.05 s the fault extinguishes and p, instantaneously increases from 
zero to the sinusoidal curve in Figure 13.7. ô continues to increase until the 
decelerating area Az equals Ay. That is, 


A = [. (Prax Sin Ô — Pm) dd 
ĝa 
= | (2.4638 sin ô — 1.0) dô = A, = 0.0785 
0.4964 
Integrating, 
2.4638(cos(0.4964) — ces.d;] — (52 — 0.4964) = 0.0785 
2.4638 cos ô +42 = 2.5843 
The above nonlinear algebraic equation can be solved iteratively to obtain 
ô = 0.7003 radian = 40.12": 


Since the maximum angle ó; does not exceed 63 = (180° — do) = 
156.05*, stability is maintained. In steady-state, the generator returns to its 
initial operating point Pess = pm = 1.0 per unit and ôs = ĝo = 23.95*. 
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Note that as the fault duration increases, the risk of instability also 
increases. The critical clearing tinie, denoted ta, is the longest fault duration 
allowable for stability. 

To see this case modeled in PowerWorld Simulator, open case Example 
13 4. Then select Transient, Transient Stability Main Form to view the Tran- 
sient Stability Analysis Form. Notice that in the Transient Stability Events 
list a fault is applied to bus 1 at f = 0 s and cleared at f = 0.05 (three cycles 
later). To see the time variation in the generator | angle (modeled at bus 4 in 

. PowerWorld Simulator), click the Run Transient Stability button. When the 
simulation is finished the Results page is displayed automatically. You can 
easily plot the generator angle 6 by right clicking in the “Gen 4 #1 Rotor 
Angle" column and selecting Plot Column. The results are shown in Figure 
13.7a. Notice that because this system is modeled without damping (i.e., 
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Variation in ô (f) for Example 13.4. 
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D = 0), the angle oscillations do not damp out with time. To rerun the ex- 
ample, select the Simulation Control tab on the top, left-hand portion of the 
Transient Stability Analysis Form. To change the duration of the fault, stm- 
ply enter a different value for the time at which the fault is cleared, and again 
click the Run Transient Stability button. 

To extend the example, right-click on the left generator on the Example 
13_4 one-line diagram, select Generator Information Dialog to view the gen- 
erator's dialog, click on the Stability tab, and set the “D” field to 1.0 to in- 
clude a modest amount of generator damping. The results are as shown in 
Figure 13.7b. Notice that while the inclusion of damping did not significantly 
alter the maximum for ô (1), the magnitude of the angle oscillations is now 
decreasing with time. For convenience this modified example is contained in 
PowerWorld Simulator.case Example 13. 4b. 
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Variation in ô (7r) for Example 13.4 with damping. 


SECTION 13.3 THE EQUAL-AREA CRITERION 711 


EXAMPLE 13.5 Equal-area criterion: critical clearing time for a temporary 
three-phase fault 


Assuming the temporary short circuit tn Example 13.4 lasts longer than 3 
cycles, calculate the critical clearing time. 


SOLUTION The p-ó plot is shown in Figure 13.8. At the critical clearing 
angle, denoted ôer, the fault is extinguished. The power angle then increases 
to a maximum value 6; = 180° — ð = 156.05? = 2.7236 radians. which gives 
the maximum decelerating area. Equating the accelerating and decelerating 
areas, 


baal) d 
Ay = | py dò = Ad = | Box sin ô — pn) då 
i 0 - 4 


i S 
^ des 


ou : 2.2236 * 
| 1.0 dò = | (2.4638 sin ð — 1.0) dó 
D.4179 Oe ae 


Solving for der, 
(er — 0.4179) = 2.4638|cos à; — cos(2.7236)| — (2.7236 — dy) 
2.4638 cos ôer = +0.05402 | 
Ó« = 1.5489 radians = 88.74° 


From the solution to the swing equation given in Example 13.4, 


` syn Pmp.u. 2 
Òlt) = -=r + 6 
(1) AH 0 
Solving 
4H 
DE ~ (ô(t) — ôo) 
syn Pinp.u, 
FIGURE 13.8 po 
SS M (per unit) 
p-o plot for Example 
.. diio | 
Pax = 2.4638 
Pm = 1.0 


6 (radians) 
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EXAMPLE 13.6 


Using (ler) = Ser = 1.5489 and do = 0.4179 radian, 


17 


caso; 05499 — 0.4179) 


for = 


= 0.1897 s = 11.38 cycles 


If the fault is cleared before £ = fe = 11.38 cycles, stability is maintained. 
Otherwise, the generator goes out of synchronism with the infinite bus; that 
is, stability is lost. 

To see a time-domain simulation of this case, open Example 13_5 in 
PowerWorld Simulator. Again select Transient, Transient Stability Main 
Form to view the Transient Stability Analysis Form, and click on the Run 
Transient Stability button to see the results for the fault cleared at 0.1897 s. 
However, this 1s actually not the critical clearing time for the PowerWorld 
simulation. The reason for the discrepancy is that PowerWorld Simulator, 
like practically all commercial transient stability analysis packages, does not 
make the approximation made after (13.1.17) that ax (t) is equal to Wmsyn. In . 
reality at the time the fault is cleared the deviation in w; (1) is close to 12 rad/s, 
or a little more than 3%. Still, the impact on the critical clearly is slight with 
the actual critical clearing tume equal to 0.1907 s. Bi 


Equal-area criterion: critical clearing angle for a cleared 
three-phase fault 


The synchronous generator in Figure 13.4 1s initially operating in the steady- 
state condition given m Example 13.3 when a permanent three-phase-to- 
ground bolted short circuit occurs on line 1-3 at bus 3., The fault is cleared 
by opening the circuit breakers at the ends of line 1-3 and line 2-3. These 
circuit breakers then remain open. Calculate the critical clearing angle. As in 
previous examples, H = 3.0 p.u.-s, p,, = 1.0 per unit and c, = 1.0 in the 
swing equation. 


SOLUTION From Example 13.3, the equation for the prefault electrical 
power, denoted p,; here, 1s pe, = 2.4638 sind per unit. The faulted network is 
shown in Figure 13.9(a), and the Thévenin equivalent of the faulted network, 
as viewed from the generator internal voltage source, is shown in Figure 
13.9(b). The Thévenin reactance is 


Xh = 0.40 --0.20]0.10 = 0.46666 per unit 
and the Thévenin voltage source is 


Vr = .0/0"| =1.0 joue 


0.30 
= 0.33333/0° per unit 
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$0.20 












1.2812 /8 


{a) Faulted network 


iXrm = (0.4666 j0.40 


1.2812 /8 





(b) Thévenin equivalent 
of the faulted network (c) Postfault conditions 


p (per unit) 


Pimax = 2.4638 Per = 2.4638 sin 6 


Passe - 2.1353 Dra = 2.1353 sin 6 







Da2 = 0.9152 sin 5 
Pm = 1.0 
Pomas = 0.9152 





NY TEs Ss 
P 


N 
ÍE s AN 
5 2 Sex 5 * (radians) 


(d) p-5 plot 


FIGURE 13.9 Example 13.6 


From Figure 13.9(b), the equation for the electrical power delivered by the 
generator to the infinite bus during the fault, denoted p,», is 


E'Vm . , (12812)(0.3333) 


a= ea ô ind = 0.9152 si i 
Per Xu sin 0 46666 sind = 0.9152 sind per unit 


The postfault network is shown in Figure 13.9(c), where circuit breakers have 
opened and removed lines 1—3 and 2-3. From this figure, the postfault elec- 
trical power delivered, denoted p,3, is 
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13.4 


1.0 
pa Ca) sind = 2.1353 sind per unit 
The p—o curves as well as the accelerating area A; and decelerating area A; 
corresponding to critical clearing are shown in Figure 13.9(d). Equating A, 
and Ao, 


Qer ðI 
A = | (p; — Pings sin diia | (Peep 


0 Ó Jer 


Du 2.6542 
| (1.0 — 0.9152 sin 8) d5 = | (2.1353 sin ô — 1.0) dô 
0.4179 


der 
Solving for ôer, 
(Os, — 0.4179) + 0.9152(cos dg, — cos 0.4179) 
= 2.1353(cos er — cos 2.6542) — (2.6542 — der) 
—1.2201 cos ôer = 0.4868 
Og = 1.9812 radians = 113:5* 


If the fault is cleared before ô = ôer = 113.5°, stability is maintained. Other- 
wise, stability is lost. To see this case in PowerWorld Simulator open case 
Example 13_6. Ea 


NUMERICAL INTEGRATION OF THE SWING 


EQUATION 


The equal-area criterion 1s applicable to one machine and an infinite bus or 
to- two machines. For multimachine stability problems, however, numerical 
integration techniques can be employed to solve the swing equation for each 
machine. 

Given a first-order differential equation 


dx 
= = f(x) (13.4.1) 


one relatively simple integration technique 1s Euler’s method [1], illustrated in . 
Figure 13.10. The integration step size is denoted Av. Calculating the slope at 
the beginning of the integration interval, from (13.4.1), 


dx, — 


T = f(x) (13.4.2) 


FIGURE [3.10 


Euler’s method 


FIGURE 13.11 
Modified Euler’s method 
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Exact solution 


L^ Calculated solution 
x, + at - 





> 
x 





{ 
| 
l 
' 
! 
i 
| 
l 

[ 


Ut At - 


The new value x,,4, is calculated from the old value x; by adding the incre- 
ment Ax, 


Xipap =X, + Ax =X, + CR At (13.4.3) 

As shown in the figure, Eulers method assumes that the slope 1s 
constant over the entire interval At. An improvement can be obtained by cal- 
culating the slope at both the beginning and end of the interval, and then 
averaging these slopes. The modified Euler's method is illustrated in Figure 
13.11. First, the slope at the beginning of the interval is calculated from 
(13.4.1) and used to calculate a preliminary value x given by 


- dx, | 
EN DH AT 13.4.4 
Rx ( i )^ | (13.4.4) 
Next the slope at x 1s calculated: 
dx | 
— = f(x 13.4.5 
a at (13.4.5) 


Exact solution 


dx 
ot 
ox, , di 


< AG A 






J 


— — cae mm amd ee Hm ee 





t+ At 
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Then the new value is calculated using the average slope: 


e n 5) 
dt d At 


3 
; (13.4.6) 


NitAt = X, -+ 

We now apply the modified Euler's method to calculate machine fre- 
quency w and power angle ô. Letting x be either 6 or c, the old values at the 
beginning of the interval are denoted ò, and w,. From (13.1.17) and (13.1.18), 
the slopes at the beginning of the interval are 


dô, - 


"dr = C, R, Wsyn (13.4.7) 
dw _ Pap. Osyn (13.4.8) 
dt 2H pus o 


where Papus 1s the per-unit accelerating power calculated at ô= ô, and 
Onus = O:/Wsyn. Applying (13.4.4), preliminary values are 


~ do, 
— — iA 4. 
Ò a+ (S) i (13.4.9) 
z : do, 
= —— |At 3.4. 
Next, the slopes at ô and @ are calculated, agam using (13.1.17) and 
(13.1.18): 
dô | 
q^ 9795 (13.4.11) 
do Dap.u. syn 
Lc Re dp 3.4.12 
dt — 2HOyp. SES] 


where Pasu, 18 the per-unit accelerating power calculated at ô =ô, and 
Opu. = @/Osyn- Applying (13.4.6), the new values at the end of the interval 


are 
TNT 
dt dt 
Oras Oi cce e SAT (13.4.13) 
dw, do 
dt^ dt 
Wiar = 0, + MERE Cea (13.4.14) 


This procedure, given by (13.4.7)-(13.4.13), begins at z = 0 with specified ini- 
tial values dg and wọ, and continues iteratively until t= T, a specified final 
time. Calculations are best performed using a digital computer. 


TABLE 13.1 
Case | Stable 
Time Delta 
S rad 
0.000 0.418 
0.020 0.426 
0.040 0.449 
0.060 0.488 
0.080 0.54] 
0.100 0.607 
0.120 0.685 
0.140 0.773 
0.160 0.870 
0.180 0.975 
0.200 1.086 
0.220 1.202 
0.240 1.321 
6.260 1.443 
0.280 1.567 
0.300 1.694 
0.320 1.823 
0.340 1.954 
Fault Cleared 

0.360 2.076 
0.380 2.176 
0.400 2337 
0.420 2:222 
0.440 2.373 
0.460 2.413 
0.480 2.44] 
0.500 2.460 
0.520 2471 
0.540 2.473 
0.560 2.467 
0.580 2.453 
0.600 2.429 
0.620 2.396 
0.640 2.35] 
0.660 2.294 
0.680 2.22] 
0.700 2.130 
0.720 2.019 
0.740 1.884 
0.760 1.723 
0.780 1.533 
0.800 1.314 
0.820 1.068 
0.840 0.799 
0.860 0.516 
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Omega 
rad/s 


376.991 
377.778 
378.547 
379.283 
379.970 
380.599 
381.159 
381.646 
382.056 
382.392 
382.660 
382.868 
383.027 
383.153 
383.262 
383.370 
383.495 
383.658 


382.516 
381.510 
380.638 
379.886 
379.237 
378.674 
378.176 
377.726 
377.307 
376.900 
376.488 
376.056 
375.583 
375.053 
374.446 
373.740 
372.917 
371.960 
370.855 
369.604 
368.226 
366.773 
365.34] 
364.070 
363.143 
362.750 


Time 
S 


0.000 
0.020 
0.040 
0.060 
0.080 
0.100 
0.120 
0.140 
0.160 
0.180 
0.200 
0.220 
0.240 
0.260 
0.280 
0.300 
0.320 
0.340 
0.360 


0.380 
0.400 
0.420 
0.440 
0.460 
0.480 
0.500 
0.520 


0.540 , 


0.560 
0.580 
0.600 
0.620 
0.640 
0.660 
0.680 
0.700 
0.720 
0.740 
0.760 
0.780 
0.800 
0.820 
0.840 
0.860 


Delta 
rad 


0.418 
0.426 
0.449 
0.488 
0.541 
0.607 
0.685 
0.773 
0.870 
0.975 
1.086 
1.202 
1.32] 
1.443 
1.567 
1.694 
1.823 
1.954 
2.090 
Fault Cleared 
n2 p 
2.327 
2.424 
2.511 
2.591 
2.668 
2.746 
2.828 
2.919 
3.022 
3.145 
3.29? 
3.472 
3.693 
3.965 
4.300 
4.704 
5.183 
5.729 
6.325 
6.94] 
7.551 
8.139 
8,702 
9.257 


Case 2 Unstable 


Omega 
rad/s 


376.99 | 
377.778 
378.547 
379.283 
379.970 
380.599 
381.159 
381.646 
382.056 
382,392 
382.660 
362.868 
383.027 
383.153 
383.262 
383.370 
383.495 
383.658 
383.876 


382.915 
382.138 
381.546 
381.135 
380.902 
380.844 
380.969 
381.288 
381.824 
382.609 
383.686 
385.111 
386.949 
389.265 
392.099 
395.426 
399.079 
402.689 
405.683 
407.477 
407.812 
406.981 
405.711 
404.819 
404.934 
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Computer calculation of swing curves for Example 13.7 


Program Listing 


10 REM EXAMPLE 13.7 

20 REM SOLUTION TO SWING EQUATION 

30 REM THE STEP SIZE IS DELTA 

40 REM THE CLEARING ANGLE IS DLTCLR 

50 DELTA + Ol 

60 DLTCLR = 1.95 

70) =| 

80 PMAX = .9152 

90 PI=3.1415927 # 

(00 T=0 

110 XI =.4179 

[20 X2= 2% Pl * 60 

130 LPRINT “TIME DELTA OMEGA” 

[40 LPRINT "s rad rad/s" 

150 LPRINT USING "2t £st uus TXIDO 

160 FOR K-1 TO 86 

170 REM LINE 180 IS EQ(I3.4.7) 

[80 X3 = X2 - (2« PI « 60) 

190 IF J| 2 THEN GOTO 240 

200 IF XI > DLTCLR OR Xt = DLTCLR THEN 
PMAX = 2.1353 

210 IF X! > DLTCLR OR XI =DLTCLR THEN 
LPRINT "FAULT CLEARED" 

220 IF X1 > DLTCLR OR XI  DLTCLR THEN 
j=2 

230 REM LINES 240 AND 250 ARE EQ(I 3.4.8) 

240 X4= I- PMAX x SIN(XI) 

250 X5 = X4 + (2 « Pl x 60) « (2 x PI x 60)/(6 « X2) 

260 REM LINE 270 IS EQ(13.4.9) 

270 X6= XI * X3 DELTA 

280 REM LINE 290 IS EQ(13.4.10) 

290 X72 »Q + X5 x DELTA 

300 REM LINE 310 IS EQ(13.4.11) 

310 X82 X7-2*Pl x 60 

320 REM LINES 330 AND 340 ARE EQ(I3.4.12) 

330 X9 = | - PMAX « SIN(X6) 

340 X10 = X9 « (2 » PI « 60) « (2 » Pl « 60)/(6 « X7) 

350 REM LINE 360 IS EQ(13.4.13) 

360 XI =X! + (X3 + X8) x (DELTA/2) 

370 REM LINE 380 IS EQ(13.4.14) 

380 X2 = X2 + (X5 + X10) x (DELTA/2) 

390 T=K x DELTA 

400 Z=K/2 

410 M-INT(Z) 

420 IF M= Z THEN LPRINT USING 
OUHEHHEL HHH” TXIDO 

430 NEXT K 

440 END 
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EXAMPLE 13.7  Euler's method: computer solution to swing equation and 


critical clearing time 


Verify the critical clearing angle determined in Example 13.6, and calculate 
the critical clearing time by applying the modified Euler’s method to solve the 
swing equation for the following two cases: 


Case | The fault is cleared at ô = 1.95 radians = 112° (which is less 
than dcr) 


Case 2 The fault is cleared at ô = 2.09 radians = 120? (which is greater 
than ôer) 


For calculations, use a step size Af = 0.01 s, and solve the swing equation 
from t=Otot= T = 0.85 s. 


SOLUTION Equations (13.4.7)-(13.4.14) are solved by a digital computer 
program written in BASIC. From Example 13.6, the initial conditions at 
t= 0 are 


= 69 = 04179 rad 
(0) = Wsyn = 2260 rad/s 
Also, the H constant is 3.0 p.u.-s, and the faulted accelerating power 1s 
Pap, = 1.0 — 0.9152 sin ô 
The postfault accelerating power is 
Popu. = 1.0 — 2.1353 sind per unit 


The computer program and results at 0.02 s printout intervals are listed in 
Table 13.1. As shown, these results agree with Example 13.6, since the system 
is stable for Case ] and unstable for Case 2. Also from Table 13.1, the critical 
clearing time is between 0.34 and 0.36 s. i 


In addition to Euler’s method, there are many other numerical inte- 
gration techniques, such as Runge-Kutta, Picard’s method, and Milne’s 
predictor-corrector method [1]. Comparison of the methods shows a trade-off 
of accuracy versus computation complexity. The Euler method is a relatively 
simple method to compute, but requires a small step size A? for accuracy. 
Some of the other methods can use a larger step size for comparable accu- 
racy, but the computations are more complex. 

To see this case in PowerWorld Simulator open case Example 13, 7. In 
order to match the output shown in Table 13.1 the PowerWorld case has 
been modified to show the angles in radians as opposed to degrees, and the 
generator speed in actual radians per second as opposed to the deviation 
from synchronous speed. The results shown in PowerWorld differ slightly 
from those in the table because PowerWorld uses a more exact Runge-Kutta 
integration method. 
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13.5 





N-bus power-system 


transient stability studies — E; /8, 


MULTIMACHINE STABILITY 


The numerical integration methods discussed in Section 13.4 can be used 
to solve the swing equations for a multimachine stability problem. However, 
a method 1s required for computing machine output powers for a general 
network. Figure 13.12 shows a general N-bus power system with M synchro- 
nous machines. Each machine is the same as that represented by the sim- 
plified model of Figure 13.2, and the internal machine voltages are denoted 
EXE uu Ey. The M machine terminals are connected to system buses de- 


poro 
noted G1,G2..... GM in Figure 13.12. All loads are modeled here as con- 


stant admittances. Writing nodal equations for this network, 


Y; Yo|[F 0. | 
= 13.5.1 
yi e HB 
where | 

t Vi 
| V. 

pm is the N vector of bus voltages (13.5.2) 
Vx 
! 

E= | . | isthe M vector of machine voltages (13.5.3) 
M 


FIGURE 13.12 


representation for + 










- : N-bus power system 
including machine terminal 
buses G1, G2,..., GM. 
Lines, transformers, 

and loads are represented 
by constant admittances. 








GM | 





720 CHAPTER 13. TRANSIENT STABILITY 


T I is the M vector of machine currents (13.5.4) 
xcu E: (these are current sources) E 


Y, Yi» | 
T l is an (N + M) x (N + M) admittance matrix 
Y. Y» 


(13.5.5) 


The admittance matrix in (13.5.5) is partitioned in accordance with the V 
system buses and M internal machine buses, as follows: 


Yi is NxN 
Yun is Nx M 
Y» is MxM 


Yi; is similar to the bus admittance matrix used for power flows in Chapter 7, 
except that load admittances and inverted generator impedances are included. 
That is, if a load is connected to bus n, then that load admittance is added to 


f 


the diagonal element Yj,,. Also, (1//X/,,) is added to the diagonal element 


YiiGnGn- 
Y»; is a diagonal matrix of inverted generator impedances; that is, 


] 


EXACT 0 
IX 


Y» = JXip (13.5.6) 


| 
0 ——— 
J Xam 
Also, the Amth element of Yj; is 


zT r : 
—;- if k = Gn and m = 

Yos =< JX, R (13.5.7) 
0 otherwise 


Writing (13.5.1) as two separate equations, 
YiV¥+ Y2E =0 | (13.5.8) 
YjV+YnkE =I | (13.5.9) 


Assuming E is known, (13.5.8) is a linear equation in V that can be 
solved either iteratively or by Gauss elimination. Using the Gauss-Seidel 
iterative method given by (7.2.9), the kth component of V 1s 
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LG 1) => : -I Yes =) Yran Vi + 1) — X Yi thn Fa) 
Il 


H= 


CIS SCIO) 


After V is computed. the machine currents can be obtained from (13.5.9), 
That is, 


[2| e =¥iV + YnkE (13519) 
Inj 


The (real) electrical power output of machine #1 is then 
Pen = REE] on = 1.2.....M (13.5.12). 


We are now ready to outline a computation procedure for solving a 
transient stability problem. The procedure alternately solves the swing equa- 
tions representing the machines and the above algebraic power-flow equa- 
tions representing the network. We use the modified Euler method of Secuon 
13.4 to solve the swmg equations and the Gauss-Seidel iterative method to 
solve the power-flow equations. We now give the procedure in the following ` 
11 steps. - 


TRANSIENT STABILITY COMPUTATION PROCEDURE 


STEP! Run a prelfault power-flow program to compute inittal. bus 
voltages M, A = 1.2,..., N, iitial machine currents /,. and 
initia] machine electrical power outputs p,,, n = 1.2..... M- 
Set machine mechanical power outputs, Pam = Pen. Set inita! 
machine frequencies, c, = Wsyn. Compute the load admit- 
tances. 


STEP 2 Compute the internal machine voltages: 
E, = E,[ày = Van + XG . 3 91:2 M 


where Vg, and J, are computed in Step 1. The magnitudes E, 
will remain constant throughout the study. The angles 9, are 
the initial power angles. 


STEP3 Compute Yi. Modify the (N x N) power-flow bus admit- 
tance matrix by including the load admittances and inverted 
generator impedances. 


STEP 4 Compute Y» from (13.5.6) and Y)» from (13.5.7).- 
STEPS Set time = 0. 
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STEP 6 Is there a switching operation, change in load, short circuit, or 
change in data? For a switching operation or change rn load, 
modify the bus admittance matrix. For a short circuit, set the 
faulted bus voltage [in (13.5.10)] to zero. 


STEP 7 Using the internal machine voltages £, = E,/Ó,, n = 1,2,..., 
M, with the values of ô, at time ¢, compute the machine elec- 
trical powers Pen at time 7 from (13.5.10) to (13.5.12). 


STEP 8 Using pen computed in Step 7 and the values of 6, and w,, 
at time £, compute the preliminary estimates of power angles 
6, and machine speeds à, at time (t+ At) from (13.4.7) to 
(13.4.10). 


STEP9 Using E, = E,/ó,, n = 1,2,..., M, compute the preliminary 
estimates of the machine electrical powers p,, at time (1 + Ar) 
from (13.5.10) to (13.5.12). 


STEP I0 Using p,, computed in Step 9, as well as ó, and ®©, com- 
puted in Step 8, compute the final estimates of power angles 
6, and machine speeds w, at time (t+ At) from (13.4.11) to 
(13.4.14). 


STEP |] Set time f = t + At. Stop if t > T. Otherwise, return to Step 6. 


EXAMPLE 13.8 Modifying power-flow Ypus for application to multimachine stability 


Consider a transient stability study for the power system given in Example 
6.9, with the 184-Mvar shunt capacitor of Example 6.14 tnstalled at bus 2. 
Machine transient reactances are X, = 0.05 and X/,, = 0.025 per unit on the 
system base. Determine the admittance matrices Y}, Y», and Y. 


SOLUTION From Example 6.9, the power system has N — 5 buses and 
M — 2 machines. The second row of the 5 x 5 bus admittance matrix used 
for power flows is calculated in Example 6.9. Calculating the other rows in 
the same manner, we obtain 


(3.728 — 49.72) 0 | 0 0 (—3.728 +/49.72) 
0 (2.68 — j26.46) 0 (—0.892-.9.92) (—1.784+/19.84) 

Yous = 0 0 (7.46 -—/99.44) (—7.464+/99.44) 0 per unit 
0 (0.892 +/9.92) (—7.46 +j99.44) (11.92-j148.) (-3.572+j39.68) 
(3.728 4.49.72) (-1.784-+/19.84) 0 (—3.5724./39.68). (9.084 —j 108.6) 


To obtain Yii, Ybu is modified by including load admittances and 
inverted generator impedances. From Table 6.1, the load at bus 3 is 
Pia + JQ; = 0.8 + /0.4 per unit and the voltage at bus 3 is V3 = 1.05 per 
unit. Representing this load as a constant admittance, 
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Pu - j 8 — j0. 
Yonas = Qn L8 7/04. 0.7256 — j0.3628 per unit 
V3 (1.05) 


Stmilarly, the load admittance at bus 2 is 


Pis- j 8 — j2.8 + 71.84. 
L2 Ru E 84$ Y ea — 8.699 — j1.044 
V; (0.959) 


Yioad 2 = 
where V; is obtained from Example 6.14 and the 184-Mvar (1.84 per unit) 
shunt capacitor bank is included in the bus 2 load. 

The inverted generator impedances are: for machine | connected to 
bus I, 


I l 
———— = —— = -j20.0 per unit 
7X7, ^ 70.05 J per uni 
and for machine 2 connected to bus 3, 


ji , 
XL = 70 - = — j40.0 per unit 
dà " 





To obtain Y;;, add (1//X/) to the first diagonal element of Ypw, add 


Yioad2 to the second diagonal element, and add Yioug, (1/jX,.) to the 
third diagonal element. The 5 x 5 matrix Yj, is then 
(3.728 69.72) 0 c 0 0 (—3.728 +j49.72) 
0 (11.38 29.50) 0 (—0.892+ 9.92) (-1.784+j 19.84) 
Yı = 0 0 (8.186 —j 139.80) (—7.46--j99.44) 0 per unit 
0 (-0.892+/9.92) (—7.46+/99.44) (11.92—/148.) (—3.572—39.68) 
(—3.728 +/49.72) (—1.7844/19.84) 0 (—3.572 +/39.68) (9.084 — 108.6) 


From (13.5.6), the 2 x 2 matrix Y» is 


l 


x, ° 200 0 
| | Jaa | 7JAM4- . 
Yo = | = 0 400 per unit 
Ü = 
JXy 


From Figure 6.2, generator 1 is connected to bus | (therefore, bus Gi = | 
and generator 2 is connected to bus 3 (therefore G2 = 3). From (13.5.7), the 
5 x 2 matrix Y)» 1s 


j20.0 0 


j40.0|  perunit E 
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FIGURE 13.13 


To see this case in PowerWorld Simulator open case Example 13. 8. To 
see the Yı; matrix go to the Transient Stability Analysis Form, and then se- 
lect the Initial States and VBus tab. By default this case 1s set to solve a self- 
clearing fault at bus 4 that extinguishes itself after three cycles (0.05 s). Both 
generators are modeled with H = 5.0 p.u.-s and D = 1.0 p.u. 

For the bus 4 fault Figure 13.13 shows the variation in the rotor angles 
for the two generators with respect to a 60 Hz synchronous reference frame. 
The angles are increasing with time because neither of the generators 1s mod- 
eled with a governor, and there is no infinite bus. While it is clear that the 
generator angles remain together, 1t 1s very difficult to tell from Figure 13.13 
the exact variation in the angle differences. Therefore transient stability pro- 
grams usually report angle differences, either with respect to the angle at a 
specified bus or with respect to the average of all the generator angles. The 
latter is shown in Figure 13.14 which displays the results from the Power- 
World Simulator Example 13. 8 case. 
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EXAMPLE 13.9 Stability results for 37 bus, 9 generator system 





PowerWorld Simulator case Example 13. 9 demonstrates a transient stability 
solution using the 37 bus system introduced in Chapter 6 with the system 
augmented to include classical models for each of the generators. By default 
the case models a transmission line fault on the 69 kV line from bus 44 
(Lauf69) to bus 14 (Weber69) with the fault at the Lauf69 end of the line. 
The fault is cleared after 0.1 seconds by opening this transmission line. The 
results from thus simulation are shown in Figure 13.15, with the largest gen- 
erator angle variation occurring (not surprisingly) at the bus 44 generator. 
Notice that during and initially after the fault the bus 44 generator's angle 
increases relative to all the other angles in the system. The critical clearing 
time for this fault 1s about 0.262 seconds. 
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DESIGN METHODS FOR IMPROVING TRANSIENT 
STABILITY 


Design methods for improving power system transient stability include the 
following: 


1. Improved steady-state stability 
Higher system voltage levels 
b. Additional transmission lines 


Smaller transmission-line series reactances 
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d. Smaller transformer leakage reactances 
e. Series capacitive transmission-line compensation 


f. Static var compensators and flexible ac transmission systems 
(FACTS) 


. High-speed fault clearing 
. High-speed reclosure of circuit breakers 


. Single-pole switching 


Larger machine inertia, lower transient rectance 


Fast responding, high-gain exciters 


Fast valving 


Braking resistors 


We discuss these design methods in the following paragraphs. 


L. 


Increasing the maximum power transfer in steady-state can also 


‘Improve transient stability, allowing for increased power transfer 


through the unfaulted portion of a network during disturbances. 
Upgrading voltage on existing transmiission or opting for higher volt- 
ages on new transmission increases line loadability (5.5.6). Addi- 
tional parallel lines increase power-transfer capability. Reducing sys- 
tem reactances also increases power-transfer capability. Lines with 
bundled phase conductors have lower series reactances than lines 
that are not bundled. Oversized transformers with lower leakage re- 
actances also help. Series capacitors reduce the total series reactances 
of a line by compensating for the series line inductance. The case 
study for Chapter 5 discusses FACTS technologies to improve line 
loadabihity and maintain stability. 


. High-speed fault clearing is fundamental to transient stability. Stan- 


dard practice for EHV systems is 1-cycle relaying and 2-cycle circuit 
breakers, allowing for fault clearing within 3 cycles (0.05 s). Ongoing 
research is presently aimed at reducing these to one-half cycle relay- 
ing and 1-cycle circuit breakers. 


. The majority of transmission-line short circuits are temporary, with 


the fault arc self-extinguishing within 5—40 cycles (depending on sys- 
tem voltage) after the line is deenergized. High-speed reclosure of 
circuit breakers can increase postfault transfer power, thereby im- 
proving transient stability. Conservative practice for EHV systems 1s 
to employ high-speed reclosure only if stability is maintained when 
reclosing mto a permanent fault with subsequent reopening .and 
lockout of breakers. 


. Since the majority of short circuits are single line-to-ground, relaying 


schemes and independent-pole circuit breakers can be used to clear a 
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faulted phase while keeping the unfaulted phases of a line operating. 
thereby maintaining some power transfer across the faulted line. 
Studies have shown that single line-to-ground faults are self-cleaning 
even when only the faulted phase is deenergized. Capacitive coupling 
between the energized unfaulted phases and the deenergized faulted 
phase is, m most cases, not strong enough to maintain an arcing 
short circuit [5]. 


Inspection of the swing equation, (13.1.16). shows that increasing 
the per-unit inertia constant H of a synchronous machine reduces 
angular acceleration. thereby slowing down angular swings and in- 
creasing critical clearing times. Stability is also improved by reducing 
machine transient reactances, which increases power-transfer capa- 
bility during fault or postfault periods [see (13.2.1)). Unfortunately. 
present-day generator manufacturing trends are toward lower H © 
constants and higher machine reactances, which are a detriment to 
stability. | 


Modern machine excitation systems with fast thyristor controls and 
high amplifier gains (to overcome generator saturation) can rapidly 
increase generator field excitation after sensing low terminal voltage 
during faults. The effect 1s to rapidly increase internal machine volt- 
ages during faults, thereby yncreasing generator output power during 
fault and postfault periods. Critical clearing times are also increased 
(6). 

Some steam turbines are equipped with fast valving to divert steam 
flows and rapidly reduce turbine mechanical power. outputs. During 
faults near the generator, when electrical power output is reduced. 
fast valving action acts to balance mechanical and electrical power, 
providing reduced acceleration and longer critical clearing times. 
The turbines are destgned to withstand thermal stresses due to fast 
valving [7]. 


. In power systems with generation areas that can be temporarily 


separated from load areas, braking resistors can improve stability. 
When separation occurs, the braking resistor 1s inserted into the gen- 
eration area for a second or two, preventing or slowing acceleration 
m the generation area. Shelton et al. [8] describe a 3-GW-s braking 
resistor. 





PROBLEMS 


SECTION 13.1 


13.1 A three-phase, 60-Hz, 500-MVA, 13.8-kV, 4-pole steam turbine-generating unit has 
an H constant of 5.0 p.u.-s. Determine: (a) Wyn and myn: (b) the kinetic energy in 


13.2 
13.3 


[3.4 


13.5 


13.6 


13.7 


13.8 


13.9 


13.10 
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joules stored mn the rotaüng masses at synchronous speed; (c) the mechanical angular 
acceleration x,, and electrical angular acceleration x if the unit is operating at syn- 
chronous speed with an accelerating power of 500 MW. 


Calculate J in kg m? for the generating unit given in Problem 13.1. 


Generator manufacturers often use the term WR", which is the weight in pounds of 
all the rotating parts of a generating unit (including the prime mover) multiplied by 
the square of the radius of gyration in feet. WR7/32.2 is then the total moment of in- 
ertia of the rotating parts in slug-fl-. (a) Determine a formula for the stored kinetic 
energy in ft-lb of a generating unit in terms of WR? and rotor angular velocity w. (b) 
Show that | 


_ 2.31 x 107 WR (rpm) 


H 
S rated 


per unit-seconds 


where Sracg is the voltampere rating of the generator and rpm is the synchronous 
speed in r/min. Note that | ft-lb = 746/550 = 1.356 joules. (c) Evaluate H for a three- 
phase generating unit rated 800 MVA. 3600 r/min, with WR- = 4,000,000 Ib-ft". 


The generating unit in Problem 13.1 is initially operating at Pypu = Pepu. = 0.7 per 
unit, (2 = (yy, and ó = 12° when a fault reduces the generator electrical power out- 
put by 70%. Determine the power angle ò five cycles after the fault commences. As- 
sume that the accelerating power remains constant during the fault. Also assume that 
Opa (I) = 1.0 in the swing equation. 


Repeat Problem 13.4 for a bolted three-phase fault at the generator terminals that re- 
duces the electrical power output to zero. Compare the power angle with that deter- 
mined in Problem 13.4. 


A third generating unit rated 500 MVA, 15 kV, 0.90 power factor, 16 poles, with 
H; = 3.5 p.u.-s is added to the power plant in Example 13.2. Assuming all three units 
swing together, determine an equivalent swing equauon for the three units. 


SECTION 13.2 


Given that for a moving mass Wyinetic = 1/2 Mv^, how fast would a 100,000 kg diesel 
locomotive need to go to equal the energy stored in a 60-Hz, 100-MVA, 60 Hz, 2-pole 
generator spinning at synchronous speed with an H of 3.0 p.u.-s? 


The synchronous generator in Figure 13.4 delivers 0.75 per-unit real power at 1.05 
per-unit terminal voltage. Determine: (a) the reactive power output of the generator; 
(b) the generator internal voltage; and (c) an equation for the electrical power deliv- 
ered by the generator versus power angle ó. 


The generator in Figure 13.4 is initially operating in the steady-state condition given 
in Problem 13.8 when a three-phase-to-ground bolted short circuit occurs at bus 3. 
Determine an equation for the electrical power delivered by the generator versus 
power angle ó during the fault. 


SECTION 13.3 


The generator in Figure 13.4 1s initially operating in the steady-state condition given 
in Example 13.3 when circuit breaker B12 inadvertently opens. Use the equal-area 
criterion to calculate the maximum value of the generator power angle 6. Assume 
Op. (f) = 1.0 in the swing equation. 
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[3.1] 


13.12 


13.13 


13.14 


13.15 


13.16 


13.17 


13.18 


13.19 


13.20 


13.21 


13.22 


The generator in Figure 13.4 1s initially operating in the steady-state condition given 
in Example 13.3 when a temporary three-phase-to-ground short circuit occurs at point 
F. Three cycles later, circuit. breakers BI3 and B22 permanently open to clear the 
fault. Use the equal-area criterion to determine the maximum value of the power 
angle ð. 


If breakers BI3 and B22 in Problem 13.11 open later than 3 cycles after the fault 
commences, determine the critical clearing time. 


Rework Problem 13.11 if circuit breakers BI3 and B22 open after 3 cycles and then 
reclose when the power angle reaches 35°. Assume that the temporary fault has al- 
ready self-extinguished when the breakers reclose. 


The generator in Figure 13.4 1s initially operating in the steady-state condition given 
in Problem 13.8 when circuit breaker B12 inadvertently opens. Use the equal-area cri- 
terion to calculate the maximum value of the generator power angle 6. Assume 
(put) = 1.0 in the swing equation. 

The generator in Figure 13.4 is initially operating in the steady-state condition given 
in Problem 13.8 when a temporary three-phase-to-ground short circuit occurs at point 
F. Three cycles later, circuit breakers B13 and B22 permanently open to clear the 
fault. Use the equal-area criterion to calculate the maximum value of the generator 
power angle à. Assume cp (1) = 1.0 in the swing equation. 


If breakers B13 and B22 in Problem 13.15 open later than three cycles after the fault 
commences, determine the critical clearing time. 


SECTION 13.4 


Verify the maximum power angle determined in Problem 13.10 by applying the modi- 
fied Euler's method to numerically integrate the swing equation. Write and run a 
computer program. i 


Open PowerWorld Simulator Case Problem 13_18. This case models the Example 


13.4 system with damping at the bus 1 generator, and with a line fault midway be- 


tween buses ] and 2. The fault is cleared by opening the line. Determine the critical 
cleanng time for this fault. 


Open PowerWorld Simulator Case Example 13, 8, and change the fault location from 
bus 4 to bus 2. This fault does not have a critical clearing time because the generators 


accelerate together. However, assuming the generators have over frequency protection 


with the relays set to trip a generator instantaneously any time its frequency is above 
61.7 Hz (i.e., a speed deviation of 10.68 rad/s), determine the critical clearing time. 


Verify the critical clearing time determined in Problem 13.12 by applying the modified 
Euler's method. Write and run a computer program. 


In Problem 13.13, assume that the circuit breakers open at / = 3 cycles and then re- 
close at t = 24 cycles (instead of when 6 reaches 35°). Determine the maximum power 
angle by applying the modified Euler method. Write and run a computer program. 


SECTION 13.5 


Consider the six-bus power system shown in Figure 13.16, where all data are given in 
per-unit on a common system base. All resistances as well as transmission-line capaci- 
tances are neglected. (a) Determine the 6 x 6 per-unit bus admittance matrix Yous 
suitable for a power-flow computer program. (b) Determine the per-unit admittance 


| FIGURE 13.16 


Single-line diagram of a 


six-bus power system 


(per-unit values are 


shown) 


13.23 


13.24 


13.25 


13.26 
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mairices-Y,,-Yj?, and Yo; given in (13.5.5), which are suitable for a transient stability 
study. 


G) Xii = 0.20 Xa =0.10 
H, = 25.0 H, = 6.0 


WB AA | 1821 





X5, = 0.10 
Us e-o 


Modify the matrices Yii, Yi2, and Y» determined in Problem 13.22 for (a) the case 
when circuit breakers B12 and B22 open to remove line 1 —2; and (b) the case when the 
load P14 + jQj4 is removed. 


With PowerWorld Simulator using the Example 13.9 case determine the critical clear- 
ing time (to the closest 0.01 s) for a transmission line fault on the transmission line 
between bus 47 (BOB138) and 53 (BLT138), with the fault occurring near bus 47. The 
fault is cleared by opening the line. 


With PowerWorld Simulator using the Example 13.9 case determine the critical clear- 
ing time (to the closest 0.01 s) for a transmission line fault on the transmission line 
between bus 28 (JO345) and 31 (SLACK345), with the fault occurring near bus 28. 
The fault is cleared by opening the line. 


With PowerWorld Simulator using the Example 13.9 case with PowerWorld Simula- 
tor determine the variation in the critical clearing time for the Example 13.9 fault as 


_ the output of the Lauf69 generator is varied between 0 and 150 MW in 50 MW incre- 


ments (with changes in generator picked up at the swing bus). 
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CASE STUDY QUESTIONS 


A. 


REFERENCES 


How is dynamic security assessment (DSA) software used in actual power system 
operations? 


What techniques are used to decrease the time required to solve the DSA problem? 


DSA software was not being used by the utilities involved in the August 14", 2003 
blackout. Do you think such software could have been helpful in preventing the 
blackout? Why or why not? 


What in your opinion was the single most important cause of the August 14, 2003 
blackout in the northeastern United States and Canada? 


Is the United States presently becoming more prone to blackouts? 


Will there be another blackout as large in scale as the August 14, 2003 blackout? 
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APPENDIX 


TABLE A.! Water- 
Turbo- Wheel 
Typical average values Generator Generator Synchro- Synchro- 
of synchronous-machiné Constant (solid (with nous nous 
constants (units) Type Symbol rotor) dampers) Condenser Motor 
Svüdlirómos X4 1.] 1.15 1.80 1.20 
x, 1.08 0.75 BE 0.90 
Moose Oo 0.23 0.37 0.40 0.35 
X, 0.23 0.75 1.15 0.90 
Reactances eubisadibit x) 0.12 0.24 0.25 0.30 
(per unit) x 0.15 0.34 0.30 0.40 
Negative- Xə 0.13 0.29 0.27 0.35 
sequence 
Zero- ^ Xo 0.05 0.11 0.09 0.16 
sequence | 
Positive- R (dc) 0.003 0.012 0.008 0.01 
Resistances sequence R (ac) 0.005 0.012 0.008 0.01 
(per unit) Negative- R? 0.035 0.10 0.05 0.06 
sequence 
z 5.6 5.6 9.0 6.0 
ee BUSEUE. ay K 1.8 2.0 1.4 
Subtransent T; = T; 0.035 0.035 0.035 0.036 
(seconds) 4 
Armature T. 0.16 0.15 0.17 0.15 


Adapted from E. W. Kimbark, Power-System Stability: Synchronous Machines (New York: 
Dover Publications, 1956/1968), Chap. 12. 
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TABLE A.2 


Typical transformer 
leakage reactances 


Rating of Highest BIL of Highest 
Voltage Winding Voltage Winding 
k kV 
Distribution Transformers 
2.4 30 
4.8 60 
7.2 75 
12 95 
23 150 
34.5 200 
46 250 
69 350 
Power Transformers 10 MVA and Below 
8.7 110 
25 150 
34.5 200 
46 250 
69 350 
92 450 
115 550 
138 650 
161 750 


Power Transformers Above 10 MVA 


^ 


8.7 
34.5 
46 
69 
92 

115 
138 
16] 
230 
345 
500 
765 


* Per-unit reactances are based on the transformer rating 


110 
200 
250 
350 
450 
550 
650 
750 
900 
1300 
1550 


per unit? 


0.023—0.049 
0.023—0.049 
0.026—0.051 
0.026—0.051 
0.052—0.055 
0.052-0.055 
0.057-0.063 
0.065—-0.067 


0.050-0.058 
0.055—0.058 
0.060—0.065 
0.060—0.070 
0.070—-0.075 
0.070—-0.085 


Leakage Reactance 


0.075-0.100 . 


0.080—0.105 
0.085-0.011 


Cooled 


0.050—0.063 


.0.055-0.075 


0.057-0.085 
0.063—0.095 
0.060-0.118 
0.065-0.135 
0.070—0.140 
0.075-0.150 
0.070-0.160 
0.080—0.170 
0.100—0.200 
0.110—0.210 


Self-Cooled or 
Forced-Air- 


Forced-Oil- 
Cooled 


0.082-0.105 
0.090—0.128 
0.095—0.143 
0.103-0.158 
0.105-0.180 
0.107-0.195 
0.117-0.245 
0.125—0.250 
0.120—0.270 
0.130-0.280 
0.160—0.340 
0.190—0.350 
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INDEX 


A 
ABCD parameters. 235—242, 245-248, 
251—252 
approximations of medium and short 
transmission lines, 235-242 
lossless lines and, 251—232 
nominal z circuit, 237-238, 240-242 
transmission-line differential 
equations usmg. 245—248 
voltage regulation. 238. 240 
ac circuits, 44-49 
ac fault current. 359—360 
Actual quantity, per-unit system, 109 
Adaptive relaying, 490 
Algebraic equations, 291-295, 296—301, 
301-305 
direct solutions to for power flows, 
29]—295 
Gauss elimination, 291—295 
Gauss-Seidel] method, 291, 296—301 
iterative solutions to for power flows, 
296—301, 301—305 
Jacobi method, 296-301 
linear, 291—295, 296-301 
Newton-Raphson method, 301—305 
nonhnear, 301—305 
Alkaline fuel cel] (AFC), 37 
All-aluminum alloy conductor (AAAC), 
157, 167 
All-aluminum conductor (AAC), 167 
Aluminum alloy conductor steel 
reinforced (AACSR), 157 
Aluminum conductor alloy reinforced 
(ACAR), 157, 167 
Aluminum conductor carbon-fiber 
reinforced (ACFR), 159-160, 167 
Aluminum conductor composite 
reinforced (ACCR), 160, 167-168 
Aluminum conductor steel reinforced 
(ACSR), 157, 167, 736 
Aluminum conductor steel supported 
(ACSS), 167 
Aluminum-clad steel conductor 
(Alumoweld), 167 
American Electric Power (AEP), 160- 
166 


American Society for Testing and 
Materials (ASTM), 93 

Ampere's law, 97, 176 

Animation of power systems 1n 
PowerWorld Srmulator. 25 

Arcing faults, 356-358 

Area control error (ACE). 581-582 

Area frequency response characteristic. 
578-579 

Armature time constant, 363 

Asymmetrical fault current. 359—360 

Attenuation and lossy transmission 
lines, 654—655 

Automated mapping/facilities 
management (AM/FM). 15 

Automatic generation control (AGC). 
15, 596—597 

Autotransformers, 130-131 

Available transfer capability (ATC). 288 

Average power, 46-47 


B 
Back-to-back (BTB) dc links. 230, 232- 
233 
Backup relays, 483 
Balance beam relay, 526-527 
Balanced three-phase circuits, 57-65. 
65-69, 69-71 
A connections, 61—63 
A-Y conversion, 63-65 
equivalent Jine-to-neutral diagrams. 
65 
generators, 65-67, 67—68 
impedance loads, 67, 68-69 
instantaneous power, 65-67 
line currents, 60-6! 
line-to-line voltages, 59-60 
line-to-neutral voltages, 58 
motors, 67, 68 
power in, 65—69 
single-phase systems, versus, 69-71 
Y connections, 58, 68—69 
Base quantity, per-unit system, 109 
Basic insulation level (BIL), 668-671 
Batteries, system protection and. 488 
Battery energy storage (BESS), 395—396 
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Bewley lattice diagram, 641-646 
Binary file (.pwb) in PowerWorld 
Simulator, 26 
Blackouts, 484—492, 656-657, 690—696. 
See also Restoration challenges 
batteries and, 488 
brittle systems, 49] 
cascading, 693—694 
causes of, 690-696 
circuit breakers and, 488-489 
counfermeasures for improving zone 3 
loadability, 489—490 
ductile systems, 491 
hidden failures and, 490 
loadability, liability of, 486—487 
lossy transmission lines, power losses 
and, 656-657 
power systems, changing nature of, 
491-492 
relay misoperations, 485 
relaying practices, 484—485 
relays and, 488, 489 
safety nets, 696 
supervisory control and data 
acquisition (SCADA), 488 
system integrity protection schemes 
- (SIPS), 490 
system reliability and, 690-693 
third zone and, 487—489, 489—490 
transducers and, 488 
voltage collapse, 694 
wide-area protection systems 
(WAPS), 491 
Bolted short circuit, 439, 445—446 
Brushless (static) exciters, 575-578 
Bundle, defined for conductors, 168 
Burndown case histories, 356-357 
Bus impedance matrices, 368-376, 460— 
468 
mutual impedances, 371 
PowerWorld Simulator, example of, 
372-376, 467—468 
rake equivalent circuit, 371 
self-impedances, 371 
sequence, 460—468 
symmetrical faults and, 368-376 
unsymmetrical faults and, 460—468 
Bus protection, 527—528 
Bus types for power flow, 306 


C 
Capacitance, 199-201, 202-205, 206- 
207, 649-650 
bundled conductors, 202-204 
charging current, 203-204 


earth plane, effects of on, 206-207 
equal phase spacing, 199-201 
lumped, 649—650 
single-phase two-wire line, 199-200 
stranded conductors, 202 
three-phase three-wire line, 200-201 
transmission-line parameters, 199- ` 
201, 202—205 
unequal phase spacing, 202 
Capacitive load, instantaneous power in 
purely, 45-46 
Cascading blackouts, 693—694 
Characteristic impedance, defined, 244 
Charging current, defined, 203-204 
Chemical tracers, transformer LTCs and 
use of, 88-90 
Circuit breakers, 376—381, 488—480, 
492—493 
ac, 376-381 
blackouts and, 488-489 
current ratings for, 380-38) 
defined, 376 
low-voltage, 377 
power, 377 
ratings for indoor, 378—379 
symmetrical faults and, 376—381 
system protection and 488—480, 492— 
493 
voltage ratings for, 380 
Circuits, 14, 44-49, 57-65, 65-69, 69- 
71, 102-108, 121—126, 213-215, 
237—238, 248—250, 252, 359—360, 
361—364, 365-368, 368—376 
ac, 44—49 
balanced three-phase; 57—65, 65—69, 
69-7] 
bus impedance matrix and, 368-376 
equivalent, 102—108, 121—126 
equivalent z, 248—250, 252 
extra-high voltage (EHV) breakers, 
\4 
nominal z, 237-238 
parallel three-phase lines, 213-215 
per-unit equivalent, 121-126 
practical transformers and, 102-108 
rake equivalent, 371 
series R-L, 359-360 
single-phase, 44—49, 69—71 
three-phase short, 361—364, 365—368 
transmission-Itnes and, 213-215, 237- 
238, 248-250, 252 
Complex power, 50-54, 67-69 
balanced three-phase generators, 67— 
68 
balanced three-phase motors, 67 


generator conventions, 30-51 
impedance loads, 68—69 
load conventions, 50, 51 
power factor correction, 53-54 
Compressed air energy storage (CAES), 
397—398 
Computer relays, 489 
Computers, 22-23, 281-290. See also 
Networks; Power flows; 
PowerWorld Simulator 
loss-of-load probability (LOLP) 
programs, 23 
power system engineering, use of in, 
22-23 
visualization software, 281—290 
Condition assessment, power 
transformers, 83—96 
Conductors, 156-160, 167-168, 171, 
172—175, 190-191, 191—196, 202- 
204, 205-210, 735-736 
all-aluminum (AAC), 167 
all-aluminum alloy (AAAC), 157, 167 
aluminum alloy reinforced (ACAR), 
157 
aluminum alloy steel reinforced 
(AACSR), 157 
aluminum carbon-fiber reinforced 
(ACFR), 159—160, 167 
aluminum composite reinforced |, 
(ACCR), 160, 167-168 
aluminum steel reinforced (ACSR), 
157, 167, 736 
aluminum steel supported (ACSS), 
167 
aluminum-clad steel (Alumoweld), 
167 
bundled, 168, 190-191, 202—204 
conventional, 157, 167 
Copper, characteristics of, 7835 
counterpoise, 171 
design of, 156-160, 167-168 
gap-type ZT-aluminum steel- 
reinforced (GZTACSR), 158-159, 
167 
high-temperature, 157—159, 167-168 
National Grid, 156-160 
neutral, 191-196, 205-210 
phase spacing, 181-183, 188-189, 
199-201, 202 
resistance, 172-175 
series impedance and, 191-196 
shunt admittances, 205-210 
stranded, 202 
T-aluminum Invar reinforced 
(TACIR), 158 
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T-aluminum steel reinforced 
(TACSR), 158 
technology of, 159-160 
transmission-line parameters, 156- 
160, 167-168, 171, 172-175 
trapezoidal-wire (TW), 157 
Contouring electric grids, 285-286 
Controls, see Power system controls 
Conventional conductors, 157, 167 
Coordination time interval, 506 
Core loss current, 103 
Corona loss, defined, 175 
Counterpoise, defined, 171 
Cnitical clearing time, 709-712, 717-718 
Critical path method (CPM), 573-574 
Current, 60—61, 92-93, 103, 107-108, 
203—204, 359—360, 362—363, 500 
ac fault, 359—360 
asymmetrical fault, 359-360 
charging, 203-204 
core loss, 103 
dc offset, 359—360 
eddy, 92-93. 
inrush, 107-108 
line, 60—61 
magnetizing, 103 
nonsinusoidal exciting, 108 
pickup, 500 
series R- LL circuits and, 359—360 
steady-state fault, 359—360 
subtransient fault, 362—363 
transient fault, 362—363 
Current ratings, 378—381, 383—384 
circuit breakers, 378—381 
continuous, 380 
continuous, 383 
fuses, 383 
- Interrupting MVA, 381 
interrupting time, 380 
interrupting, 383 
momentary, 380 
short-circuit, 380 
time response, 383-384 
Current tap setting (TS), 502, 506-509 
Current transformers (CT), 492—493, 
494, 496—500 


D 

dc offset current, 359-360 

dc power flow, 333-334 

A connections, balanced loads, 61—63 

A load, balanced m sequence networks, 

! 407—410 

A-Y conversion for balanced loads, 63— 
65 
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INDEX 


Decontamination/dehydration field unit, 
85 
Dedicated field units, 85-86 
Degassing/dehydration field unit, 85 
Dehydration field unit, 85 
Diagonal sequence impedances, 410 
Differential equations, transmission 
lines, 242-248 
Differential relays, 525-527, 527—528, 
528—533 
balance beam, 526-527 
bus protection with, 527-528 
generator protection with, 525-527 
power transformer protection with, 
528-533 
Digital relaying, 534—535 
Direct-axis short-circuit transient time 
constant, 362—363 
Directional relays, 513-514, 514-515 
Discontinuous wide-area stability, 616 
Discrete-time models of lossless 
transmission lines, 646—653 
Display file (.pwd) in PowerWorld 
! Simulator, 26 
Distance (impedance) relays, 485—486, 
519-525 
Distortion and lossy transmission lines, 
655—656 
Distributed generation, 32—42 
capability ratings, 35 
defined, 34-35 
fuel cells, 37-38 
IEEE standards for, 41-42 
interna] combustion engine (ICE) 
generators, 36-37 
market penetration, 35-38 
microturbines, 38 
network considerations, 39-40 
nonutility generation (NUG), 21, 35 
potential generation mix issues, 38-39 
present power production issues, 32- 
34 


public policy and, 40-41 
regulatory impact and, 40-41 
system interfaces, 35 
Dynamic security assessment (DSA), 
681-690 
Dynamic stability, 680-681 


E 
Earth plane, effects of, 205-210 
Earth resistivity, 192-193 
Economic dispatch, 549, 584—598 
automatic generation control, 596— 
597 


fossil fuel units, 585—588 
incrementa] heat rate, 585 
inequality constraints, effect of, 589— 
59] 
load-frequency control (LFC), 
coordination of with, 597 
PowerWorld Simulator, examples of, 
590—591, 594—596 
transmission losses, effect of, 592— 
596 
Eddy current inspection, PILC cables, 
92—93 
Edison Electrical Institute (EET), 4, 21 
Edit Mode tn PowerWorld Simulator, 
26-28 
Electric grids, 281—289 
available transfer capability (ATC), 
288 
contouring, 285—286 
Jocational marginal price (LPM), 
287 
market power, 286-287 
North American Electric Reliability 
Council (NERC), 282 
optimal power flow (OPF), 287—288 
perspective projection, 289 
power flows, managing, 282-283 
power transfer distribution factor 
(PTDF), 282, 284-285 
price spikes, averting, 283-285 
3-D visualization of, 287—289 
transmission-line loading relief 
(TLR), 282-283 
visualization software and, 281—289 
voluminous flows, visualization of, 
285 
Electric reliability organization (ERO), 
21-22 
Electrical energy storage, 394—399 
battery energy storage (BESS), 395- 
396 
compressed air energy storage 
(CAES), 397—398 
load leveling, 394 
long-term storage, 397-398 
market applications, 398—399 
polysulphide/bromide (Regenesys) 
system, 396 
redox flow cells, 396-397 
short-term storage, 398 
sodium-sulpher (NaS) system, 395 
superconducting magnetic energy 
storage (SMES), 394 
uninterruptible power supply (UPS), 
394 


vanadium redox battery (VR B), 396, 
397 
zinc-bromine battery, 396—397 
Electrical field, 197-199, 210-213 
conductor surfaces, at, 210-211 
ground level, at, 212-213 
solid cylindrical conductors, 
determination of in, 197—199 
strength, 210-213 
transmission-line parameters, 197— 
199, 210—213 
Electromechanical relays, 489 
Electronic relays, 489 
Energy management systems (EMS), 
683 
Energy Policy Acts, 21-22 
Equal-area criterion, 705-714 
Equipment health rating (EHRt), 
transformers, 86-88 
condition indicators, 86—87 
database, 86 
results, 87-88 
review process, 88 
Equivalent circuits, 102-108, 121—126. 
See also Equivalent 7t circuit 
balanced three-phase two-winding 
transformers, 121—126 
per-unit, 121—126 
practical transformers, 102—108 
Equivalent line-to-neutral diagrams, 
65 
Equivalent z circuit, 248—250, 252 
lossless lines, 252 
transmission lines and, 248—250 
Exciter, defined, 575 
Exempt wholesale generators (EWG), 
2] 
Extra-high voltage (EHV) circuit 
breakers, 14 


F 
FACTS, see Flexible ac transmission 
systems (FACTS) 
Faraday's law, 97, 98-99 
Fast decoupled power flow, 332 
Fault terminals, 442 
Faults, 355-392, 439-48]. See also 
System protection 
arcing in low-voltage power 
distribution systems, 356—358 
bolted short circuit, 439, 445—446 
electrical fires at U.S. Utilities, 440— 
44] 
PowerWorld Simulator, examples of, 
372-376, 448—450 
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symmetrical, 355-392 
unsymmetrical, 439-481 
Federal Energy Regulatory Commission 
(FERC), 2, 6, 21—22, 229—230, 234, 
553, 554—555 
electric reliability organization 
(ERO), 21-22 
Energy Policy Acts and, 21-22 
FACTS and energy policy initiatives, 
234 l 
MegaRule, 2] 
transmission investment, effects of 
deferring due to gridlock, 229—230 
transmission open access (TOA), 21 
transmission system planning, 553, 
554—555 
U.S. electrical power industry and, 2, 
6 
Feedback wide-area stability, 615-616 
Feedforward wide-area stability, 614— 
615 
FERC, see Federal Energy Regulatory 
Commission (FERC) 
Fiber-optic cable for pilot relaying, 533 
Flexible ac transmission systems 
(FACTS), 228—235 
back-to-back (BTB) dc links, 230, 
232-233 
benefits of, 232—233 
energy policy initiatives and, 234 
gate commuted turn-off thyristors 
(GCT), 232 
installation of, 230—232 
pulse width modulation (PWM), 232 
reactive power (MVAR) flow, 231, 233 
real power (MW) flow, 231, 233 
recent applications of, 233 
renewable energy sources and, 233- 
234 
static reactive compensators 
(STATCOM), 230 
static VAR compensators (SVC), 230 
thyristor controlled series capacitors 
(TCSC), 230 
transmission gridlock, resolving with, 
228-235 
unified power flow controller 
(UPFC), 230 
voltage-sourced converter (VSC) 
based systems, 230 
Fossil fuel units, economic dispatch of, 
585—588 
Frequency bias constant, 581, 584 
Frequency control, power restoration 
and, 567—569 


742 


INDEX 


Fuel cells, distributed generation and, 
37—38 
Fuses, 382—384, 509-512 
symmetrical faults and, 382—384 
system protection and, 509-512 


G 
Gap-type ZT-aluminum conductor steel- 
reinforced (GZTACSR), 158--159, 
167 
Gate commuted turn-off thyristors 
(GCT), 232 
Gauss elimination, 291—295 
Gauss-Seidel method, 291, 296-301, 
311-314 
Generator reactive capability (GRC), 
570-572 
Generator-voltage control, 575-576 
Generators, 50—51, 65-67, 67—68 
balanced three-phase, 65-67, 67—68 
complex power, 50-51, 67—68 
conventions, 50-51 
instantaneous power, 65-67 
Geographic information systems (GIS), 
15. 
Geometric mean distance (GMD), 185- 
189 = 
Geometric mean radius (GMR), 185- 
191 
Gridlock, 228—235 
FACTS, resolving with, 228-235 
Federal Energy Regulatory 
Commission (FERC), 229-230, 234 
high-voltage direct current (HVDC) 
systems, 230 
resolution of, 230 
transmission investment, effects of 
deferring due to, 229—230 
- transmission system in, 228-229 
U.S. Department of Energy (DOE), 
229, 234 
Gross domestic product (GDP), 17-19 


H 

High-temperature conductors, 157—159, 
167—168 

High-voltage dc (HVDC) transmission 
lines, 15, 230 


I 
Ideal transformers, 96-102 
pere's law, 97 ' 
Fayaday’s law, 97, 98—99 
phase-shifting, 101—102 
polarity marks, 98 


single-phase, 96-101, 101-102 
two-winding, 96-101 
‘IEEE Power Engineering Society (PES), 
8-9 
IEEE standards, distributed generation, 
4]-42 
Impedance, 67, 68-69, 108-116, 191- 
196, 244, 25], 253-254, 368-376, 
404-412, 412-414, 417-418, 460- 
468, 485—486, 519—525 
bus impedance matrix, 368-376 
characteristic, 244 
diagonal sequence, 410 
earth resistivity and, 192-193 
load; 67, 68—69, 404—412 
lossless lines and, 251, 253-254 
mutual, 37] 
negative-sequence, 406 
off-diagonal sequence, 411—412 
per-unit, 108-116 
positive-sequence, 406 
relays, 485—486, 519—525 
self-, 371 
sequence bus impedance matrices, 
460—468 
sequence matrix, 405-406 
sequence networks and, 404—412, 
412-414, 417-418 
series, 191—196, 412-414 
sübtransient, 418 
surge, 253-254 
synchronous, 417—418 
transmission-line parameters and, 
191-196 
zero-sequence, 406 
In situ metallographic examination, 
PILC cables, 93-95 
Incremental heat rate, 585 
Independent system operators (ISO), 2, 
6, 21, 282, 556 
power flow management, 282 
transmission open access (TOA), 21 
transmission system capability, 556 
U.S. electrical power industry and, 2, 
6, 282 
Independent transmission companies 
(ITC), 6-7 
Inductance, 176-181, 181-183; 183- 
191, 648-649 
Ampere's law, 176 
bundled conductors, 190—191 
composite conductors, 183-187 
equal phase spacing, with, 181—183 
geometric mean distance (GMD), 
185-189 


‘geometric mean radius (GMR), 185- 
19] 
lumped, 648-649 
single-phase two-wire line, 181—182 
solid cylindrical conductor, 176—181 
three-phase three-wire line, 182-183 
unequal phase spacing, 188—189 
Inductive load, instantaneous power in 
. purely, 45 | 
Inrush current, 107—108, 530—533 
Instantaneous power, 44—49, 65—67. 
. ac circuits, 44-49 
average power, 46-47 
balanced three-phase generators, 65— 
67 
balanced three-phase motors, 67 
general RLC load, 46 
impedance loads, 67 
power factor, 47 
purely capacitive load, 45—46 
purely inductive load, 45 
purely resistive load, 44-45 
reactive power, 47, 49 
real power, 46—47, 49 
single-phase circuits, 44-49, 69-7] 
Instrument transformers, 402—493, 494— 
500 
current (CT), 492—493, 494, 496—500 
voltage (VT), 494—495, 497 
Insulation coordination, 667—672? 
basic insulation level (BIL), 668-671 
surge arrestors, 669-672 
transmission lines, 667—672 
Insulators, uansmission-lines, 168—169 
Integrator gain constant, 582, 584 
Internal! combustion engine (ICE) 
generators, distributed generation 
and. 36—37 | 
ISO, see Independent system operators 
(ISO): 


J 

Jacobi method, 296—301 

Jacobian matrix, use of for power flow 
solution, 317-319 


K 
Kirchoff's current law (KCL), 55 
Kirchoff's voltage law (KVL), 55 


L 

LFC, see Load-frequency control (LFC) 

Life extension, power transformers, 83— 
96 

Lightning surges, 660—665 
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Line currents, 60—61 
Line loadabiny, 261—265 
number of lines for power transfer. 
263, 264—265 
percentage voltage regulation and. 
261-262 
PowerWorld Simulator, example of 
using, 264—265 
Line protection with impedance relays. 
519-525 
Line-to-ground faults, 446-450, 453— 
460 
double, 453-460 
PowerWorld Simulator, example of. 
448—450 
single, 446-450 . . 
Line-to-line faults, 451 —453 
Linear algebraic equations. see 
Algebraic equations 
Liquid dye penetrant inspection, PILC 
cables, 91—92 
Load bus, 306 
Load flow, see Power flows 
Load-frequency control (LFC), 549, 
581—584, 597. See ulso Economic 
. dispatch 
economic dispatch coordinated with. 
597 
frequency bias constant, 581, 584 
integrator gain constant, 582, 584 
power systems control and, 549, 581 - 
584, 597 
Load leveling, 394 
Load serving entities (LSE), 7 
Load tap changer (LTC). 85-86. 88-90 
beta testing program, 90 
chemical tracers, use of to determine 
wear in, 88-90 
detection of wear in, approaches of. 
88—89 
field trials, 90 
Jaboratory evaluation of. 89 
material selection of tracers, 89 
oils, 85 
power transformers and, 85—86, 88— 
90 
testing and monitoring programs for, 
89-90 
Loads, 44-46, 50, 51, 58, 61-63, 63-65, 
67, 68-69, 253—254, 404-412, 486- 
487 
balanced three-phase circuits and, 58, 
61-63, 63-65, 67, 68-69 
complex power and, 50, 51, 68-69 
conventions, 50, 51 


Loads (cont.) 
A-connection, 61-63 
A-Y conversion for balanced, 63-65 
general RLC, 46 
impedance, 67, 68-69, 404—412 
instantaneous power absorbed by, 
44—46, 67 
loadability limit, 486—487 
purely capacitive, 45-46 
purely inductive, 45 
purely resistive, 44—45 
relays, liability of loadability of, 486— 
487 
surge impedance loading (SIL), 253- 
254 
Y-connection, 58 
Locational marginal price (LPM), 287 
Lossless lines, 250-259, 629-632, 632- 
641, 646-653 
ABCD parameters, 25]-252 
boundary conditions for, 632—641 
discrete-time models of, 646-653 
equivalent z circuit, 252 
lumped capacitance, 649—650 
lumped inductance, 648—649 
lumped resistance, 650 
nodal equations, 650—653 
power transmission; 250-259 
PowerWorld Simulator, example of 
using, 258—259 
receiving-end voltage reflection 
Coefficient, 633 
RLC elements, lumped, 646—653 
sending-end voltage reflection 
coefficient, 633—634 
single phase, 646—648 
steady-state operation and, 250—259 
steady-state stability limit, 256—259 
surge impedance and, 251 
surge impedance loading (SIL), 253- 
254 
transient operation and, 629—632, 
632-641, 646-653 
transit time, 633. 
traveling waves on, 629—632 
voltage profiles, 254-255 
wavelength, 252—253 | 
Loss-of-load probability (LOLP) 
programs, 23 
Lossy hnes, 653-657 
attenuation, 654—655 
distortion, 655-656 
power losses and, 656-657 
Low-voltage power distribution systems, 
356—358 


LTC, see Load tap changer (LTC) 
Lumped capacitance, 649—650 
Lumped inductance, 648—649 
Lumped resistance. 650 


M 

Magnetizing current, 103 

Maximum power flow, 259-260 

Metal oxide varistor (MOV), 609-610 

Method of images, 206—210 

Microturbines, distributed generation 
and, 38 

Microwaves for pilot relaying, 533 

Molten carbonate fuel cell (MCFC), 37 

Motors, 67, 68. 

Multiconductor lines, 657—660 

Multimachine stability, 719-726 

Mutual tmpedances, 37] 


N 
National Grid, 4-5, 8—9, 156—160 
history of, 156 
transmission structure, 4—5 
transmission-line conductor design, 
156-160 
U.S. electrical power industry, 4-5, 
8-9 
workforce, future of, 8-9 
Negative-sequence, 399—404, 406—408 
components, 399—404 
impedance, 406 
networks, 406—407 ` 
Negative sequence currents (INSC), 573 
NERC, see North American Reliability 
Council (NERC) 
Network equations, 55-57 
Networks, power distribution and, 39— 
40 
Neutral conductors, 191—196, 205-210 
Newton-Raphson method, 301-305, 
314-322 


. Nodal analysis of network equations, 


55-57 

Nodal equations for lossless 
transmission lines, 650—653 

Nominal z circuit, 237-238, 240—242 

Nondestructive testing methods (NDT), 
PILC cables, 91 

Nonlinear algebraic equations, see 
Algebraic equations 

Nonsinusoidal exciting current, 108 

Nonutility generation (NUG), 21, 35 

North American Reliability Council 
(NERC), 20, 21-22, 282, 551, 555- 
557, 565—566 


power grids and, 282 

power systems and, 20, 21-22, 565 

restoration challenges, 565-566 

transmission-line loading relief 
(TLR), 282 

transmission system planning, 551, 
555-557 

Nuclear plant requirements, power 

restoration and, 572 


O 

Off nominal turns ratios, transformers 
with, 131—140 

Off-diagonal sequence impedances, 411- 
412 

Ohm's law, 98 

Optimal power flow (OPF), 278-288, 
549, 598—600 

Overcurrent relays (OC), 492, 500—505 

Overhead transmission systems, power 
restoration and, 569 

Overvoltages, 660—666 


P 
Paper-insulated lead-covered (PILC) 
cables, 83, 91-95 
conditional assessment of, 91-95 
eddy current tnspection, 92—93 
in situ metallographic examination, 
93-95 
liquid dye penetrant inspection, 91- 
92 
nondestructive testing methods 
(NDT), 91 
power transformers and, 83, 91-95 
Per-umt sequence models, 422-427, 
427—430 
Per-unit system, 108-116, 121-126, 
126-129 
actual quantity, 109 
base quantity, 109 
equivalent circuits, 12]-126 
impedance, 108-116 
power transformers and, 108—116, 
121-126. 126-129 
three-winding transformers, 126-129 
two-winding transformers, 121—126 
PES, see IEEE Power Engineering 
Society (PES) | 
Phase shift, power transformers and, 
116-121 
Phase spacing, 181—183, 188-189, 199— 
201, 202 
capacitance, 199—201, 202 
equal, 181-183, 199-201 
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inductance, 181—183, 188—189 
unequal, 188-189, 202 
Phasors, 42—44 
Phosphoric acid fuel cells (PAFC). 37- 
38 
Pickup current, 500 
PILC cables, see Paper-insulated lead- 
covered (PILC) cables 
Pilot relating, 533-534 
Pilot wires, 533 


'Polarity marks, ideal transformers, 98 


Polymer electrolyte membrane (PEM), 
37 
Polysulphide/bromide (Regenesys) 
system, 396 
Positive-sequence, 399-404, 406—408 
components, 399-404 
impedance, 406 
networks, 406-408 
Power factor, 47 
Power factor correction, 52-54 
Power flows, 280—354 
bus types, 306 
control of, 323-329 
DC, 333-334 
electric grids, 281—289 
fast decoupled, .332 
Gauss elimination, 291—295 
Gauss-Seidel method, 291. 296-301, 
311-314 
history of, 290—291 
Jacobi method, 296-301 
linear algebraic equations, 291-295, 
296—301 ; 
managing, 282-283 
Newton method, 291 
Newton-Raphson method, 301—305, 
314-322 
nonlinear algebraic equations, 301- 
305 
PowerWorld Simulator, examples of 
using, 307-310, 312-314, 317-319, 
319-320, 321-322, 325-326, 326- 
329, 331-332, 333-334 
problem of, 305-311 
solutions of problem, 311-314, 314- 
322 
sparsity techniques, 329—332 
37-bus system, 321—322, 326-329, 
331-332 
visualization software, 281—289 
voluminous, visualization of, 285 
Power-line cárriers for pilot relaying, 
533 
Power losses see Blackouts 


Power system controls, 547—607, 612- 
628 

automatic, 547 

central, 547, 548—549 

economic dispatch, 549, 584—598 

feedback wide-area stability, 615— 
616 

feedforward wide-area stability, 614— 
615 

generator-voltage, 575—576 

load-frequency (LFC), 549, 581—584 

local, 547 

optimal power flow (OPF), 549, 598— 
600 

PowerWorld Simulator, examples of, 
590-591, 594—596, 599-600 

restoration challenges, 565-575 

spinning reserve, 549 

stability, 613-614, 614—615, 615—616 

transmission system planning, 550— 
564 

turbine-governor, 547-548, 577—581 

voltage regulator, 547—548 

wide-area stability and voltage 
control system .(W ACS), 612-628 

Power systems, 1—30, 31-81, 356-358, 
490-492, 565—575, 596—597, 660- 
666, 690—696. See also System 
protection ` 

ac circuits, 44-49 

arcing faults in, 356-358 

automated mapping/facilities 
management (AM/FM), 15 

automatic generation control (AGC), 
15, 596-597 

balanced three-phase circuits, 57-65, 
65-69, 69-71 

blackouts and, 690—696 

brittle, 491 

communication, effectiveness of, 696 

complex power, 50-54 

computer use in engineering for, 22- 
23 

distributed generation, 32-42 

ductile, 491 

electric reliability organization 
(ERO), 21-22 

electric utility industry structure, 20- 
22 

Energy Policy Acts, 21-22 

extra-high voltage (EHV ) circuit 
breakers, 14 

Federal Energy Regulatory 
Commission (FERC), 2, 6, 21-22 

fundamentals of, 31-81 


geographic information systems 
(GIS), 15 

gross domestic product (GDP), 17-19 

high-voltage dc (HVDC) transmission 
lines, 15 

history of electric, 10-17 

independent system operators (ISO), 
2, 6 

instantaneous power, 44—49 

lightning surges, 660—665 

low-voltage distribution, 356—358 

network equations, 55-57 

North American Reliability Council 
(NERC), 20, 21-22, 565—566 

overvoltages, 660—666 

phasors, 42-44 

power frequency, 666 

PowerWorld Simulator, 1, 23-29, 53- 
54 

present and future trends of, 17—20 

protection, changes for blackout 
prevention, 490-492 

regional transmission operations 
(RTO), 2, 6 

reliability organizations and, 690—693 

restoration challenges, 565—575 

single-phase circuits, 44—49, 69-71 

supervisory control and data 
acquisition (SCADA), 15, 566 

switching surges, 665—666 

system integrity protection schemes 
(SIPS), 490 

U.S. electrical power industry, 2-10 

visibility procedures, 696 

wide-area protection systems 
(WAPS), 491 


Power transfer distribution factor 


(PTDF), 282, 284—285 


Power transformers, 82-154, 422—427, 


427—430, 528—533, 734 

autotransformers, 130-131 

chemical tracers, use of to determine 
wear in LTCs, 88-90 

condition assessment, 83—96 

continuous online oil purification, 83- 
84 

dedicated field units, 85-86 

equipment health rating (EHRt), 86- 
88 

equivalent circuits for, 102-108, 121- 
126 

ideal, 96-102 

inrush current, 107-108 

laboratory studies of, 84-85 

leakage reactances, 734 


life extension, 83-96 

load tap changer (LTC), 85-86, 88- 
90 

nonsinusoidal exciting current, 108 

off nominal turns ratios, 131—140 

paper-insulated lead-covered (PILC) 
medium-voltage cables, 83, 91-95 

per-unit sequence models, 422—427, 
427—430 

per-unit system, 108—116, 121-126, 
126-129 

phase shift, 116—121 

PowerWorld Simulator, examples of 
using, 134—136, 138-140 

practical, 102-108 

protection of, 528-533 

saturation, 106-107 

surge phenomena, 108 

three-phase connections, 116—121, 
121-126, 422-427, 427-430 

three-winding, 126-129, 427—430 

two-winding, 96-101, 121-126, 422- 
427 

PowerWorld Simulator, 1, 23-29, 53- 

54, 134—136, 138-140, 258-259, 
264—265, 268-270, 307—310, 312- 
314, 317-319, 319-320, 321-322, 
325—326, 326-329, 331-332, 333- 
334, 372—316, 448—450, 467—468, 
590-591, 594—596, 599-600, 707— 
710, 711-712, 724—126 

animation of power systems, 25 

binary file (.pwb), 26 

bus impedance matrix, 372-376 

change in generation of power flow, 
39-320 

DC power flow, 333—334 

display file (.pwd), 26 


economic dispatch, 590—591, 594—596 


Edit Mode, 26-28 

equal-area criterion, 707—710, 711- 
712 

Gauss-Seidel power flow solution, 
312-314 

inequality constraints, effect of, 589— 
59] i 

input data for power flow problem, 
307-310 

introduction to, 1, 23—24, 24-26 

Jacobian matrix, use of for power 
flow solution, 317-319 

line loadabiity, 264—265 

line-to-ground faults, 448—450 

multimachine transient stability, 724— 
726 
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Newton-Raphson power flow 
solution, 317-319 
optimal power flow (OPF), 599-600 
per-unit positive-sequence network, 
134-136 
phase-shifting three-phase 
transformer, 138—140 
power factor correction, 52-54 
power flows, 307—310, 312-314, 317- 
39, 319—320, 321—322, 325-326, 
326-329, 331-332, 333-334 
power system example, 24—25 
reactive compensation techniques, 
265-270 
Run Mode, 28-29 
sequence bus impedance matrices, 
467—468 
shunt capacitor banks, effect of for 
power flow, 325—326 
sparsity techniques for power flow, 
331-332 
steady-state stability limit, 256-259 
symmetrical faults, 372-376 
tap-changing three-phase transformer, 
134-136 l 
37-bus power flow system, 321—322, 
326-329, 331-332 | 
transient stability, 707—710, 711-712 
transient stability computation, 724- 
726 
transmission lines, 258-259, 264-265, 
268-270 
transmission losses, effect of, 592—596 
unsymmetrical faults, 448—450, 467— 
468 
voltage-regulating transformer, 138- 
140 
Practical transformers, 102-108 
core loss current, 103 
equivalent circuits for, 102—108 
" magnetizing current, 103. 
single-phase two-winding, 102-106 
Price spikes, averting, 283—285 
Primary relays, 483 
Propagation constant, defined, 244 
Proton exchange membrane (PEM), 37 
Pulse width modulation (PWM), 232 


R 
Radial system protection, 505—509 
Rake equivalent circuit, 371 
Reactive compensation techniques, 265— 
270 
PowerWorld Simulator, example of 
using, 268—270 
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Reactive compensation techniques 
(cont.) 
series capacitors, 266-267, 268—270 
shunt reactors (inductors), 266, 267— 
268 
static VAR compensators (SVC), 266 
subsynchronous resonance, 266 
Reactive power (MV AR), 40, 47, 49, 
231,233 
Real power (MW), 46—47, 49, 231, 233 
Receiving-end voltage reflection 
coefficient, 633 
Reclosers, 509—512 
Redox flow cells, 396—397 
Regional transmission operations 
(RTO), 2, 6, 21, 282 
Regulation constant, 577—578 
Relaying, 484—492. 533—534, 534—535 
adaptive, 490 
blackouts and, 484—492 ` 
digital, 534—535 
overview of, 484-485 
pilot, 533-534 
third zone for, 487—489 
Relays, 483, 485—486, 486-487, 500- 
505, 513-514, 514-515, 519—525, 
525—527, 527-528, dee 
backup, 483 
balance beam, 526—527 
computer, 489 
differential, 525-527, 527—528, 528— 
533 
directional, 513—514, 514—515 
distance, 485-486, 519—525 
electromechanical, 489 
electronic, 489 
impedance, 485-486, 519—525 
loadabibty limits, 486—487 
loadability, liability of, 486-487 
misoperations, 485 
multiple, use of, 488 
overcurrent (OC), 500-505 
primary, 483 
Remote black-start, power restoration 
and, 571 
Reserve margin, network power 
distribution and, 40 
Resistance, 172-175, 192-193, 650 
earth resistivity, 192- 193 
lumped, 650 
series impedances and, 192-193 
transmission-line conductors, 172- 
175 
Resistive load, instantaneous power in 
purely, 44-45 


Restoration challenges, 565—575 
critical path method (CPM), 573—574 
esuimating duration of, 573-574 
frequency control, 567—569 
generator reactive capability (GRC), 

570-572 
negative sequence currents (NSC), 
573 
North American Reliability Council 
(NERC), 565—566 
nuclear plant requirements, 572 
overhead transmission systems, 569 
planning, 566—567 
protection systems, 572—573 
remote black-start, 57] 
standing phase angle (SPA), 573 
supervisory control and data 
acquisition (SCADA), 566 
training for, 574—575 
underground transmission systems, 
570 
voltage control, 569—570 
RLC elements, lumped in lossless 
transmission lines, 646-653 
RLC load, general, 46 
Rotating machines, sequence networks 
of, 416-422 
Run Mode in PowerWorld Simulator, 
28-29 


S 
Safety nets, 696 
Saturation, power transformers, 106- 
107 
Selective catalytic reduction (SCR), 36 
Self-impedances, 371 
Sending-end voltage reflection 
coefficient, 633-634 
Sequence bus impedance matrices, 460- 
468 
Sequence networks, 393—394, 399—404, 
404—412, 412-414, 414—416, 416- 
422 
balanced-A foads in, 407-410 
balanced-Y loads in, 407—410 
diagonal sequence impedances, 410 
impedance loads, of, 404-412 
negative, 399-404, 406—408 
off-diagonal sequence impedances, 
411-412 
positive, 399—404, 406—408 
power in, 430-431 
rotating machines, of, 416—422 
sequence impedance matrix, 405—406 
series 1mpedances, of, 412-414 


subtransient impedances, 418 
symmetrical components and, 393- 
394, 404-412, 412—414, 414-416, 
416—422 
synchronous impedance, 417—418 
three-phase lines, of, 414-416 
unitary matrix, 431 
zero, 399-404, 406—408 
Series impedances, 191-196, 412-414 
Series R-L circuit transients, 358—361 
765-kV project, 160—166 
aesthetics and access, 164—165 
American Electric Power (AEP), 160- 
166 
Appalachian transmission system, 
160-162 
future innovation, 164 
structures used, 163-164 
validation of need for, 165-166 
wire used, 162—163 
Shield wires, transmission-lines, 170— 
171 
Short circuits, see Faults; System 
Protection 
Shunt admittances, 205—210 
Shunt capacitor banks, effect of for 
power flow, 325—326 
Shunt reactors (inductors), 266, 267—268 
Single-phase circuits, 44-49, 69-71 
Sodium-sulpher (NaS) system, 395 
Solid-oxide fuel cell (SOFC), 37 
Sparsity techniques for power flow, 
329-332 
Standing phase angle (SPA), 573 
Static reactive compensators 
(STATCOM}, 230 . 
Static VAR compensators (SVC), 230, 
266 
Steady-state fault current, 359-360 
Steady-state stability limit, 256—259 
Subsynchronous resonance, defined, 
266 
Subtransient fault current, 362—363 
Subtransient impedances, 418 
Superconducting magnetic energy 
storage (SMES), 394 
Supervisory control and data acquisition 
(SCADA), 15, 488, 566 
Support structures, transmission-]lies, 
169-170 
Surge arrestors, 609—612, 669-672 
Surge impedance, 251, 253-254 
Surge phenomena, 108 
Swing bus, 306 
Swing equation, 697—702, 714-718 
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Switching surges, 665—666 
Symmetrical components, 393-438 
electrical energy storage, 394—399 
impedance loads and, 404-412 
method of, 393 
negative-sequence, 399—404, 406-408 
per-unit sequence models, 422-427, 
427—430 
positive-sequence, 399—404, 406-408 
power in, 430-43] 
rotating machines and, 416-422 
sequence networks, 393—394, 404- 
412, 412-414, 414-416, 416-422, 
430-431 
series impedances and, 412-414 
three-phase lines and, 414—416 
three-winding transformers, per-unit 
‘sequence models of, 427-430 
two-winding transformers, per-unit 
sequence models of, 422—427 
zero-sequence, 399—404, 406—408 
Symmetrical faults, 355—439 
bus impedance matrix, 368-376 
circuit breakers, 376—381 
fuses, 382—384 
PowerWorld Simulator, examples of, 
372-376 
series R-L circuit transients, 358-361 
three-phise short circuits, 361—364, 
365—368 
unloaded synchronous machine, 361— 
364 
Synchronous impedance, 417-418 
Synchronous machines, 361—364, 356- 
368, 416-422, 702—704, 719-726, 
733 
armature time constant, 363 
constants, average values for, 733 
direct-axis short-circuit transient time 
constant, 362—363 
multimachine stability, 719-726 
rotating, 416—422 
sequence networks of; 416—422 
simplified, 702—704 
subtransient fault current, 362-363 
subtransient impedances, 418 
synchronous impedances, 417—418 
three-phase short circuits and, 361— 
364, 365—368 
transient fault current, 362—363 
transient stability and, 702-704, 719- 
726 
unloaded, 361—364 
System integrity protection schemes 
(SIPS), 490 


System protection, 482—546 

backup relays, 483 

blackouts, 484—492 

bus protection, 527—528 

circuit breakers, 488—489, 492-493 

components, 492—493 

differential relays, 525-527, 527—528, 
528-533 

digital relaying, 534—535 

directional relays, 513-514, 514—515 

distance relays, 485-486, 519-525 

impedance relays, 519-525 

instrument transformers, 492—493, 
494—500 

line protection, 519—525 

overcurrent relays (OC), 492, 500— 
505 

pilot relating, 533—534 

power transformer protection, 528— 

- $33 

primary relays, 483 

radial, 505-509 

reclosers, 509—512 

two-source, 514-515 

zones of, 487—489, 489—490, 515—518 


T 
T-aluminum conductor Invar reinforced 
(TACIR), 158 
Thévenm equivalents, 442—445 
37-bus power flow system, 321-322, 
326-329, 331—332 
Three-phase short circuits, 361—364, 
365-368 
Three-phase transformer connections, 
116-121, 121-126 
Three-phase transmission lines, sequence 
networks of, 414-416 
Three-winding transformers, 126-129, 
427-430 
Thyristor controlled series capacitors 
(TCSC), 230 
Time delay, 502-504, 505—509 
coordination time interval, 506 
current tap setting (TS), 502, 506—509 
overcurrent relays and, 502—504 
radial system protection and, 505-509 
time-dial setting (TDS), 502, 506—509 
Time response, fuses, 383-384 
Time-dial setting (TDS), 502, 506—509 
Transducers, system protection and, 
488 
Transformers, see Instrument 
transformers; Power transformers 
Transient fault current, 362-363 


Transient stability, 679-732 
blackout causes, 690—696 
computation procedure, 721—722 
design methods for improvement of, 
726-728 
dynamic security assessment (DSA), 
681—690 
equal-area criterion, 705-714 
multimachine stability, 719-726 
PowerWorld Simulator, examples of, 
707-710, 711-712, 724-726 
swing equation, 697-702, 714-718 
synchronous machine model, 702-704 
Transit time, 633 
Transmission investments, spending and 
incentives for, 3—4, 7 
Transmission-line loading relief (TLR), 
282-283 
Transmission-line parameters, 155—226. 
See also Conductors 
American Electric Power (AEP), 160- 
166 
capacitance, 199—201, 202-205, 206— 
207 
conductance, 175 
conductors, 156-160, 167—168, 171, 
172-175, 190—191, 191—196, 202- 
204, 205-210 
design considerations, 167-172 
-economic factors, 172 
electrical factors, 171 
electrical field, 197-199, 210—213 
environmental factors, 172 
inductance, 176-181, 181-183, 183- 
19] 
mechanical factors, 171-172 
National Grid, 156—160 
parallel circuit three-phase lines, 213- 
215 
phase spacing, 181—183, 188-189, 
199-201, 202 
resistance, 172-175 
series impedances, 191-196 
765-kV project, 160-166 
shunt admittances, 205—210 
voltage, 197-199 
Transmission lines, 155-226, 227-279, 
608—678 
ABCD parameters, 235-242, 245- 
248, 251-252 
approximations of medium and short, 
235-242 
Bewley lattice diagram, 641—646 
conductors, 156—160, 167-168, 171, 
172-175 


design considerations, 167-172 

differentia] equations, 242-248 

discrete-time models, 646-653 

distortionless, 654—655 

equivalent z circuit, 248-250 

flexible ac transmission systems 
(FACTS), 228—235 

gridlock, 228-235 

insulation coordination, 667—672 

insulators, 168—169 

line loadabiity, 261-265 

lossless lines, 250—259, 629—632, 632- 
641, 646—653 | 

lossy lines, 653-657 

' maximum power flow, 259—260 

multiconductor lines, 657—660 

overvoltages, 660—666 

parameters, 155-226 

PowerWorld Simulator, examples of 
using, 258-259, 264-265, 268-270 

reactive compensation techniques, 
265—270 

RLC elements, 646—653 

shield wires, 170-171 

single-phase, 629—657 

steady-state operation, 227-279 

support structures, 169-170 

surge arrestors, 609, 609-612, 669— 
672 

transient operation, 608-678 

traveling waves, 629—632 

wide-area stability and voltage 
control system (WACS), 612-628 
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Two-winding transformers, 96-101, 
121-126, 422-427 
ideal single-phase, 96-10] 
per-unit equivalent circuits of, 121- 
126 
per-unit sequence models of, 422— 
427 


U 
U.S. Department of Energy (DOE), 
229, 234, 556 
U.S. electrical power industry, 2-10, 
550—564, 565—575 
aging system of, 4—8 
certainty of rate recovery, 7 
cost recovery, 7. 
Edison Electrical Institute (EET), 4 
Federal Energy Regulatory 
Commission (FERC), 2, 6 
history of, 2-3 
IEEE Power Engineering Society 
(PES), 8-9 
Independent transmission companies 
(ITC), 6-7 
infrastructure of, 6-7 
load serving entities (LSE), 7 
National Grid, 4-5, 8-9 
regional planning, 7 
regulatory issues, 7-8 
restoration cballenges, 565-575 
system controls and, 550—564, 565— 
575 
technology, role of, 5—6 


Transmission loading reliefs (TLR), 555 : transmission investments, 3-4, 7 
Transmission open access (TOA), 21 transmission system planning, 550— 
Transmission system planning, 550—564 564 


Australian National Electricity 
Market (NEM), 558—560 

Federal Energy Regulatory 
Commission (FERC), 553, 554-555 

future challenges for, 560—562 

independent system operators (ISO), 
556 

North American Reliability Council 
(NERC), 551, 555-557 

reliability of, maintaining, 556-558 

transmission loading reliefs (TLR), 
555 

U.S, Department of Energy (DOE), 
556 

Trapezoidal-wire (TW) conductors, 157 

Traveling waves on lossless lines, 629— 

632 


Turbine-governor control, 547—548, 


577—581 


workforce, future of, 8-9 
Underground transmission systems, 
power restoration and, 570 
Unified power flow controller (UPFC), 
230 
Uninterruptible power supply (UPS), 
394 
Unitary matrix, 431 
Unloaded synchronous machine, 361— 
364 
Unsymmetrical faults, 439—481 _ 
bolted short circuit, 439, 445—446 
electrical fires at U.S. Utilities, 440— 
441 
fault terminals, 442 
line-to-ground, 446—450, 453—460 
line-to-line, 451—453 
PowerWorld Simulator, examples of, 
448—450, 467—468 


752 
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. Unsymmetrical faults (cont.) 


sequence bus impedance matrices, 
460—468 

system representanon, 441-446 

Thévenin equivalents, 442—445 


y 
Vanadium redox battery (VRB), 396, 
397 
Visualization software, 281—289 
contouring the power grid, 285-286 
perspective projection, 289 
power transfer distribution factor 
(PTDF), 282, 284-285 
3-D power grids, 287—289 
voluminous flows, 285 
Vmag algorithm, 619-621 
VmaQ algorithm, 621—624 
Voltage, 14, 15, 58, 59-60, 197-199, 
230; 238-240, 254—255, 569-570, 
694 
ABCD parameters, 238—240 
collapse, 694 
control, power restoration and, 569— 
570 
extra-high voltage (EHV), 14 
high-voltage dc (HVDC), 15, 230 
line-to-line, balanced, 59—60 
line-to-neutral, balanced, 58 
lossless lines, 254-255 
profiles, 254-255 
regulation, 238-240 
solid cylindrical conductors, 197—199 
transmission lines, 197—199, 238-240, 
254—255 
Voltage controlled bus, 306 
Voltage ratings, 378—380 
circuit breakers, 378—380 
fuses, 383 
impulse withstand, 380 
low-frequency withstand, 380 


maximum, 380 
range factor K, 380 
Voltage-sourced converter (VSC) based 
systems, 230 
Voltage transformers (VT), 494-495, 
497 


W 
WACS, see Wide-area stability and 
voltage control system (WACS) 
Wavelength, determination of in lossless 
lines, 252—253 
Wide-area measurement systems 
(WAMS), 616 
Wide-area protection systems (WAPS), 
49] 
Wide-area stability and voltage control 
system (WACS), 612-628 
conunuous, 616 
developments of, 626—627 
discontinuous, 616 
feedback, 615-616 
feedforward, 614—615 
phasor measurements, 615—616, 618 
Vmag algorithm, 619-621 
VmaQ algorithm, 621—624 


Y 

Y connections, balanced three-phase, 
58, 68-69 

Y load, balanced in sequence networks, 
407-410 


Z 

Zero-sequence, 399—404, 406—408 
components, 399—404 

impedance, 406 
networks, 406—408 

Zinc-bromine battery, 396—397 

Zones of protection for power systems, 

487-489, 489—490, 515-518 


